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ABSTRACT 
Consideration has been given to various aspects of the behaviour 
of multitubular fixed bed catalytic reactors supporting highly exothermic 
reactions. In particular, the problem of adequately representing the 
detailed characteristics of such reactors has been investigated, and 
mathematical models describing the steady state and dynamic behaviour of 
both co- and counter-currently cooled systems have been introduced as a 
basis for design and control studies. 
Valuable insight into the operational characteristics of large 
multitubular reactors has been obtained by investigating the phenomena 
related to the interactive heat transfer within the system, and such 
results provide a very useful assessment of how flexible the final unit 
might be in its ability to accomodate new operating conditions. The 
role of the coolant, and the manner in which it is presented to the tubes, 
has been shown to be especially important. Not only is the routing of 
the coolant through the bundle significant, but also the flowrate. 
Relatively small variations in the rate can cause very large changes in 
the temperature profiles within the tubes. This is not primarily a 
result of the heat transfer coefficient being modified, but because of 
the change in the residence time of the cooling fluid and the consequent 
effect on the coolant temperature rise. 
The results of an investigation into the configuration and coolant 
flow direction have shown that there can be considerable economic 
advantages in using co-currently cooled reactors with more than two 
shell-side passes. Such an arrangement is significantly more stable 
than a counter-current configuration for a wide range of coolant flow 
conditions. F. irthermore, the effective feedforward of the heat in the 
coolant gives more even temperature profiles inside the reactor tubes 
which can result in a greater overall conversion. 
ii 
A steady state method has been developed which is capable of rep- 
resenting the ranges of coolant and reactant conditions under which the 
reactor is stable. It is shown how this may be extended to enable the 
local stability of the tubeside to be related to the overall stability 
of the unit. Thus, the stability of the system is related to easily 
obtainable variables, namely the coolant and reactant inlet temperatures 
and coolant flowrate. 
Dynamic models of the reactor have been formulated and used to 
demonstrate that the initial transient response of the system can lead 
to temperature runaway even though both the initial and final stationary 
states are stable. This behaviöur, which would not be predicted by 
normal frequency response techniques, clearly has significant effects on 
the design of the system and its control strategy. 
0 
iii 
ACI3' 19F,, D. GEMENT 
The following presentation is the product of three years work and 
I am particularly indebted to my supervisor, Professor C. McGreavy, for 
giving me the freedom to pursue this topic and the support to allow it 
to come to full fruition. 
I would also like to thank Professor G. G. Haselden for permitting 
me to carry out this work in the Department of Chemical Engineering, 
and to the Science Research Council for financial support. I am also 
grateful to my friends and colleagues in the department for their 
interest and continual encouragement. Special thanks are due to 
Mr. L. Bailey for his assistance with many of the computational problems. 
Last, but by no means least, I wish to, thank my wife, Jane, for 
her patience and understanding throughout this research. In particular, 
I would like to congratulate her on so ably typing this thesis from my 
sometimes unintel? igible hieroglyphics. 
iv 
C0NTENTS 
ABSTRACT 
ACKNOWLEDGEMENT 
CONTENTS 
LIST OF FIGURES 
LIST OF TABLES 
CHAPTER 1 Introduction and Reasearch Objectives 
CHAPTER 2 Previous Work 
2.1 Background 
2.2 The Catalyst Pellet 
2.3 The Tubular Reactor 
2.4 Coolant Effects 
2.5 Stability 
2.6 Final Comments 
CHAPTER 3 Model Development 
3.1 Introduction 
3.2 Model Assessment 
3.3 Formulation of Alternative Representations 
3.4 Discussion 
3.5 Concluding Remarks 
CHAPTER 4 Steady State Models for the Multitubular Bundle 
4.1 Introduction 
4.2 The Assumptions used for the Shell-Side Models 
4.3 The Co-Current Crossflowing Coolant Reactor Model 
4.4 The Counter-Current Crossflowing Coo1aa t Reactor Model 
4.4.1 Counter-Current Continuum Model. 
Page 
i 
iii 
iv 
viii 
xv 
1 
7 
24 
41 
V 
4.5 Representation of the Tubeside in the Steady State 
Muititubular Reactor 
4.5.1 Introduction 
4.5.2 The Two Dimensional Tubeside Model 
4.6 Conclusions 
CHAPTER The Steady State Behaviour of MultitubularReactors. 
1. Co-Current Cooling 
5.1 Introduction 
5.2 A Two Coolant Pass System 
5.3 The Effect of the Number of Coolant Passes on the 
System 
5.4 Effect of Configuration on the Position of the 
Tubeside Hotspot 
5.5 Variation of the Overall Heat Transfer Coefficient 
5.6 The Maldistribution of Reactant Feed to the Tubes 
5.7 Heat Generation and Removal in the Co-Current 
Reactor 
5"8 Conclusions 
CHAPTER 6 The Steady State Behaviour of Multitubular Reactors. 
2. Counter-Current Cooling 
6.1 Introduction 
6.2 The Effects of Coolant Flowrate and Reactor Confi- 
guration on the System Performance 
6.2.1 Variation of the Coolant Flowrate 
6.2.2 Influence of the Number of Coolant Passes 
6.3 The Effect of the Configuration on the Position of 
the Tubeside Temperature Hotspot 
6.4 The Variation of the Overall Heat Transfer Coefficient 
6.5 The Maldistribution of Reactant Feed to the Tubes 
6.6 Multiple Steady States 
6.7 Heat Generation and Removal in the Counter-Current 
Reactor 
67 
106 
6.8 Conclusions 
vi 
CHk The Steady State Behaviour of Multitubular Reactors. 
3. Some Factors Affecting Stability 
7.1 Introduction 
7.2 Mechanisms of Heat Transfer in the Reactor Bundles 
7.3 Stability of Multitubular Reactors 
7.3.1 Counter-Currently Cooled Reactors 
7.3.2 Co-Currently Cooled Reactors 
7.3.3 Use of the Tc Versus GG Phase Plots 
in 
7.4 Alternative Flow Configurations 
7.5 Conclusions 
CHAPTER 8 The Dynamic Behaviour of Multitubular Reactors 
8.1 Introduction 
8.2 Co-Current Cooling 
8.2.1 Formulation of the Equations 
8.2.2 
8.2.3 
8.3 
8.3.1 
8.3.2 
8.4 
CHAPTER 9 
9.1 
9.2 
9.3 
The Transient Response of the Reactor 
The Frequency Response of the Reactor 
Counter-Current Cooling 
Formulation of the Equations 
The Transient Response of the Reactor 
Concluding Remarks 
Final Comments 
General Findings of the Present Work 
Assessment of the Present Worn 
Suggestions for Further Work 
APPENDIX A The Catalyst Pellet Models 
A. 1 The Fully Distributed Catalyst Pellet Mo& . 
A. 1.1 The Steady State 
A. 1.2 The Unsteady State 
A. 2 The Lumped Thermal Resistance Model of the Catalyst 
Pellet 0 
158 
188 
233 
... 
243 
vii 
A. 2.1 The Steady State 
A. 2.2 The Unsteady State 
APPENDIX B The One Dimensional Reactor 17odel 250 
B. 1 The Steady State Model 
B. 2 The Unsteady State Model 
APPENDIX C Sinple Tube, Flowing Coolant Model. (Model B of 253 
Chapter 3) 
APPENDIX D The Continuum Coolant Heat Balance 254 
APPENDIX E The Co-Current Mixing Cell Model 260 
APPENDIX F The Counter-Current Mixing Cell-Model 263 
APPENDIX G The Two Dimensional Tubeside Reactor Model 266 
APPENDIX H The Solution of the Co-Currently Cooled Transient 271 
Reactor Model 
APPENDIX I The Solution of the Counter-Currently Cooled Transient 273 
Reactor Model 
NOMENCLATURE 275 
BIBLIOGRAPHY 280 
viii 
LIST OF FIGURES 
3.1 Schematic diagram of a parallel flow multitubular reactor. 
3.2 Schematic diagram of a cross-flow multitubular reactor. 
3.3 Schematic diagram of a radial flow multitubular reactor. 
3.4 General representation of the reactor indicating the notation 
used in describing it. 
3.5 Phase plots and temperature profiles for two shell-aide coolant 
passes. 
4.1 Schematic diagram of the shell-side coolant flow. 
4.2 General representation of the reactor indicating the notation 
used in describing it. 
4.3 Comparison of the tubeside temperature profiles produced by the 
various co-current shell-side models. 
4.4 Comparison of the tubeside temperature profiles produced by the 
various counter-current shell-side models. 
4.5 Schematic diagram showing the solution method used in the counter- 
current continuum model. 
4.6 Comparison of the one- and two- dimensional tubeside models for 
a co-current reactor. 
4.7 Comparison of the radial temperature profiles of the one- and 
two-dimensional tubeside models. 
A,.. 8 Comparison of the one- and two-dimensional tubeside models for 
a counter-current reactor. 
5.1 Tubeside temperature profiles for differing coolant flowrates 
in a two coolant pass co-current reactor. 
5.2 Tubeside temperature profiles for differing inlet coolant tempera- 
tures in a two coolant pass co-current reactor. 
5.3 Tubecide temperature profiles for differing inlet reactant 
temperatures in a two coolant pass co-current reactor. 
5.4 Effect of the number of coolant passes on the tubeside tempera- 
ture profiles of a co-currently cooled system. Constant mass 
flowrate. 
5.5 Effect of the number of coolant passes on the tubeside tempera- 
ture profiles of a co-currently cooled system. Constant coolant 
velocity. 
5.6 Tubeside temperature profiles of a three coolant pans co-current 
reactor under various conditions. 
5.7 Tubeside temperature profiles of a four coolant pass co-current 
reactor under various conditions. 
5.8 Tubeside temperature profiles for a six coolant pass co-current 
reactor under various conditions. 
5.9 Tubesido hotapot positions in a two coolant pass co-current 
reactor. 
5.10 Tubeside hotspot positions in a three coolant pass co-current 
reactor. 
5.11 Tubeside hbtspot positions in a four coolant pass co-current 
reactor. 
5.12 Schematic diagrams used in the prediction of the tube containing 
the maximum tubeside temperature in co-current reactors. 
5.13 The effect of variations in the wall Nusselt number on the tube- 
side temperature profiles in a four coolant pass co-current 
reactor. 
5.14 Four coolant pass, co-current reactor subject to maldistribution 
of feed amongst the tubes. High coolant velocity case. 
5.15 Four coolant pass, co-current reactor subject to maldistribution 
of feed amongst the tubes. Low coolant velocity case. 
ix 
5.16 The tubeside temperature profiles for a four coolant pass reactor, 
used as a reference in the work on maldistribution of feed. 
High coolant velocity. 
5.17 The tubeside temperature profiles for a four coolant pass co- 
current reactor, used as a reference in the work on the mal- 
distribution of feed. Low coolant velocity. 
5.18 The effect of varying the reactant flowrate in a single tube, 
constant coolant temperature reactor model. 
5.19 Overall heat generation and removal curves for tube ' in a four 
coolant pass co-current reactor. 
5.20 Heat generation and removal curves for tube I in various coolant 
passes of the four coolant pass co-current reactor of figure 5.19" 
6.1 Variation of the coolant flowrate in a four coolant pass counter- 
current reactor. 
6.2 The effect of the number of coolant passes on the tubeside 
temperature profiles of a counter-currently cooled reactor. 
6.3 The effect of the number of coolant passes on the tubeside 
temperature profiles of a counter-currently cooled reactor. 
Constant coolant velocity, u0=0.25 m/sec. 
6.4 Tubeside temperature profiles for a two coolant pass counter- 
current reactor under various conditions. 
6.5 Tubeside temperature profiles for a three coolant pass counter- 
current reactor under various conditions. 
6.6 Tubeside temperature profiles for a four coolant pass counter- 
current reactor under various conditions. 
X 
6.7 Tubeside hotepot positions in a two coolant pass counter-current 
reactor. 
6.8 Tubeside hotspot positions in a three coolant pass counter- 
current reactor. 
6.9 Tubeside hotspot positions in a four coolant pass counter- 
current reactor. 
6.10 Schematic diagram used in the prediction of the tube containing 
the maximum tubeside temperature in counter-current reactors. 
6.11 The effect of variations in the wall Nusselt number on the 
tubeside temperature profiles for a four coolant pass counter- 
current reactor. 
6.12 A four coolant pass counter-current reactor subject to mal- 
distribution of feed amongst the tubes. Coolant velocity, 
0=0.25 m/sec. 
6.13 The tubeside temperature profiles for a four coolant pass, 
counter-current reactor, used as a reference in the work on 
feed maldistribution. Coolant velocity, uc = 0.25 m/r c. 
6.14 Inlet versus outlet coolant temperatures for a two coolant pass 
counter-current reactor. 
6.15 Inlet versus outlet coolant temperatures for a four coolant pass 
counter-current reactor. 
6.16 Inlet versus outlet coolant temperatures for a six coolant pass 
counter-current reactor. 
6.17 Schematic plot of inlet versus outlet coolant temperature under 
conditions that give multiple steady states in the coolant 
temperature. 
6.18 A plot of coolant inlet temperature versus GG showing the region 
of non-unique solutions for various numbers of coolant passes. 
6.19 A plot of coolant inlet temperature versus GG for a two coolant 
pass counter-current reactor shouting the non-unique region at 
various reactant inlet temperatures. 
6.20 A plot of inlet coolant temperature versus GG for a four coolant 
pass counter-current reactor showing the non-unique region at 
various reactant inlet temperatures. 
6.21 A plot of inlet coolant temperature versus GG for a four coolant 
pass counter-current reactor showing the non-unique region for 
various tube lengths. 
6.22 A plot of inlet coolant temperature and overall coolant tempera- 
ture rise versus coolant outlet temperature for a four coolant 
pans counter-current reactor. GG = 2.0 
6.23 A plot of inlet coolant temperature and overall coolant tempera- 
ture rise versus coolant outlet temperature for a four coolant 
pass counter-current reactor. GG = 5.0 
1 
xi 
6.24 Coolant temperature rive vere-us inlet coolant temperature for 
a two coolant pass counter-current reactor at various values of 
coolant flowrate. 
6.25 Coolant temperature rise versus inlet coolant temperature for 
a four coolant pass counter-current reactor at various values 
of coolant flowrate. 
6.26 Coolant temperature rise versus inlet coolant temperature for 
a six coolant pass counter-current reactor at various values 
of coolant flowrate. 
6.27 Maximum tubeside temperature versus the coolant inlet tempera- 
ture for a four coolant pass counter-current reactor at various 
coolant flowrates. 
6.28 Fraction of reactant remaining versus inlet coolant temperature 
for a four coolant pass r-unter-current reactor at various 
coolant flowrates. 
6.29 Overall heat generation and removal curves for tube I in a four 
coolant pass counter-current reactor. GG = 5.0 
6.30 Overall heat generation and removal curves for tube 1 in s. four 
coolant pass counter-current reactor. GG = 1.0 
6.31 Heat generation and removal for tube 1 in different coolant 
passes of the four coolant pass counter-current reactor of 
figure 6.29. 
7.1 Schematic diagram for the heat distribution around a three 
coolant pass co-current reactor. 
7.2 Schematic diagram for the heat distribution around a three 
coolant pass counter-current reactor. 
7.3 T versus B stability plot of a four coolant pass counter-current 
reactor under different coolant inlet temperatures. GG = 3.0 
7.4 A plot of T versus GG showing the safe operating region for 
a four cin coolant pass counter-current reactor. 
7.5 Coolant temperature rise versus inlet coolant temperature for 
a four coolant pass counter-current reactor at various values of 
coolant flowrate. 
, 
7.6 The effect of decreasing the inlet reactant temperature on the 
stability and conversion lines of figure 7.4. 
7.7 A plot of inlet coolant temperature versuc GG showing the safe 
operating region of a four coolant pass co-current reactor. 
7.8 Inlet versus outlet coolant temperatures for a four coolant pass 
co-current reactor at various values of the coolant flowrate. 
7.9 Coolant temperature rise versus inlet coolant temperature for a 
four coolant pass co-current reactor at various values of the 
coolant flow-rate. 
xii 
7.10 The effect of decreasing the inlet reactant temperature on the 
stability and conversion lines of figure 7.7. 
7.11 Schematic diagram of the mixed flow reactor. 
7.12 The co-current, counter-current and mixed flow tubes , 
ide tempera- 
ture profiles for tube 1 in a four coolant pass reactor. 
GG = 4.0 
7.13 T versus B stability plot comparing the co-current, counter- 
current and mixed flow four coolant pass reactors. GG = 4.0 
8.1 Tubeside temperature profiles of tube 1 for a co-current four 
coolant pass reactor following a step decrease of 10 K in the 
coolant inlet temperature. No account is taken of the heat 
capacitance, of the reactor fittings. GG = 5.0 
8.2 Tubeside temperature profiles of tube 50 for the case bhown in 
figure 8.1. 
8.3 Tubeside temperature profiles of tube 1 for a co-current four 
coolant pass reactor following a step decrease of 10 K in the 
coolant inlet temperature. The lumping of tubes assumption has 
been used with N=6. No account has been taken of the heat 
capacitance of the reactor fittings. GG = 5.0 
8.4 Tubeside temperature profiles of tube 1 for a four coolant pass 
co-current reactor following a step decrease of 10 Y. in the 
coolant inlet temperature. No account is taken of either the 
transient term in the coolant heat balance or the heat capacity 
of the reactor fittings. GG = 5.0 
8.5 Thbeside temperature profiles of tube 1 for a co-current four 
coolant pass reactor following a step decrease of 10 K in the 
coolant inlet temperature. GG = 5.0 
8.6 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.5. 
8.7 Tubeside temperature profiles of tube 1 for a co-current three 
coolant pass reactor following a step decrease of 10 K in the 
inlet coolant temperature. GG = 5.0 
8.8 Tubeside temperature profiles of tube 50 for the case shown in. 
figure 8.7. 
8.9 The transient response of a. single tube, constant coolant 
temperature reactor following a step decrease of 10 K in the 
inlet reactant temperature. 
ß. l0 Tubeside temperature profiles of tube 1 for a four coolant pass 
co-current reactor following a step decrease of 10 K in the 
reactant inlet temperature. GG = 5.0 
8.11 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.10. 
8.12 Tubecido temperature profiles of tube 1 for a four coolant pass 
co-current reactor following a step decrease of 10 K in the inlet 
reactant temperature. GG = 2.0 
xiii 
8.13 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.12. 
8.14 Tubeside temperature profiles of tube 1 for a four coolant pass 
co-current reactor following a step decrease of 25% in the 
coolant flowrate. Initial value of GG = 2.0 
8.15 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.14. 
8.16 Tubeside temperature profiles of tube 1 for a four coolant pass 
co-current reactor following a step increase of 50% in the 
coolant flowrate. Initial value of GG - 2.0. 
8.17 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.16. 
8.18 Tubeside temperature variations, at various axial positions 
in tube 1, during the frequency response to a sinusoidal dis- 
turbance, of amplitude 10 K and frequency 0.01 Hz, in the inlet 
coolant temperature to a four coolant pass reactor. GG = 5.0 
8.19 Plots showing the variation in the outlet concentration of 
reactant, together with the inlet and outlet coolant temperatures 
for the case shown in figure 8.13. 
8.20 Variations in tubeside temperature and outlet concentration of 
reactant at various axial positions in tube 1 during the 
frequency response to a sinusoid-] disturbance of amplitude 
10 K and frequency 0.02 iiz in the inlet coolant temperature to 
a four coolant pass reactor. GG = 5.0 
s 
8.21 Schematic diagram used to demonstrate the method of solution of 
the counter-current transient reactor model. 
8.22 Tubeside temperature profiles of tube 1 for a two coolant pass 
counter-current reactor following a step decrease of 10 K in 
the coolant inlet temperature. The lumping of tubes assumption 
has been used with N=6. GG = 5.0 
8.23 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.22. 
8.24 Tubeside temperature profiles of tube 1 for a two coolant pass 
counter-current reactor following a step decrease of 10 K in 
the Coolant inlet temperature. GG = 5.0 
8.25 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.24. 
8.26 Tubeside temperature profiles of tube I for a three coolant pass 
counter-current reactor following a step decrease of 10 K in 
the coolant inlet temperature. GG = 5.0 
8.27 Tubeside temperature profiles of tube 1 for a three coolant pass 
counter-current reactor following a step decrease of 10 K in 
the reactant inlet temperature. GG = 5.0 
8.28 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.27. 
xiv 
8.29 Tubeside temperature profiles of tube 1 for a three coolant 
pass counter-current reactor following a step decrease in coolant 
flowrate from GG = 5.0 to GG = 4.0. 
8.30 Tubeside temperature profiles of tube 50 for the case shown in 
figure 8.29. 
E. 1 Schematic diagram of the tube bundle, showing the arrangement 
of the mixing cells in the co-current cross-flow model. 
F. 1 Schematic diagram of the tube bundle, showing the arrangement 
of the mixing cells in the counter-current cross-flow model. 
xv 
LIST OF T IRS 
3.1 Typical data set used in the thesis. 
5.1 The effect of the number of coolant passes on the performance 
of a co-current reactor at constant coolant mass flowra: te. 
5.2 The effect of the number of coolant passes on the performance 
of a co-current reactor at constant coolant velocity. 
5.3 The effect of the number of coolant passes on the performance 
of a co-current reactor at constant coolant mass flowrate. 
Tube length, L=4m. 
5.4 The effect of the number of coolant passes on the performance 
of a co-current reactor at constant coolant mass flowra; e. 
Tube length, L=6m. 
5.5 Fractional conversion for co-current reactor system. 
5.6 The tube containing the maximum tubeside temperature peak, for 
s various reactor configurations. 
5.7 The conversions and coolant temperature rises in reactors 
subject to maldistribution of the feed to the tubes. 
6.1 Effect of the number of coolant passes on the performance of 
a counter-current reactor at constant coolant mass flowrate. 
6.2 Effect of the number of coolant passes on the performance of a 
counter-current reactor at constant coolant velocity. 
6.3 Effect of the number of coolant passes on the performance of a 
counter-current reactor at constant coolant mass flr.,; rrate. 
Tube length, L=4M. 
6.4 Effect of the number of coolant passes on the performance of a 
counter-current reactor at constant coolant mass fJ. owrate. 
Tube length, L=6m. 
6.5 Fractional conversions for counter-current reactor systems. 
6.6 The position of the maximum tubeside temperature peak in counter- 
current reactors. 
6.7 Variation of reactant flowrate to 10 tuber, either end of the 
tube bundle. 
7.1 Comparison of co-current, counter-current and mixed flow systems. 
G. 1 Collocation constants for cylindrical syrnetry using the squares 
of Legendre zeros. 
1 
CIAIAP77. R 1 
Introduction and Research Objectives 
The use of multitubular fixed bed chemical reactors to contact gaseous 
reaction mixtures with solid catalysts has long been an industrially 
important unit operation. Such reactors have been used on a wide 
range of commercially important reactions e. g. styrene manufacture, the 
synthesis of ammonia and the partial oxidation of hydrocarbons, such as 
the conversion of benzene to maleic anhydride. The basic reactor unit 
is the same in most cases, being; a cylindrical tube packed with cataly! t, 
the reactants are passed through and conversion to products takes place. 
This mechanical arrangement, which can comprise of several thousand 
tubes operating in parallel to handle the heat load, is particularly 
effective in coping with either exothermic or endothermic catalytic 
reactions because of the ease with which a cooling or heating medium can 
be contacted with the external surface of the tube. Conventionally, 
this is achieved by building the reactor in the form of a shell and tube 
heat exchanger, the catalyst being placed inside the small diameter 
tubes with the cooling or heating medium flowing on the shell side. In 
the case of an endothermic reaction, as with styrene production, the heat 
is necessary to maintain the reaction at a reasonable rate in order to 
minimize the size of reactor needed for a given production rate. When 
the reaction is exothermic, however, the temperature and hence reaction 
rate can increase very rapidly along the length of the bed, which from 
the point of view of reducing the reactor size is desirable, but for other 
reasons, such as the promotion of competitive reactions is undesirable 
and so cooling is necessary. Moreover, excessively high temperatures 
can cause damage to the catalyst or tubes or both and result in the 
development of hazardous conditions. 
This study in concerned with an lyzina the behaviour of highly 
Z 
exothermic reaction systems, typified by the partial oxidation of benzene 
to maleic anhydride, which by reference to this specific case study 
demonstrates the main characteristics of a whole range of hydrocarbon 
oxidation processes. This type of system can sometimes go unstable, 
and it is useful at this point to consider just what is meant by the 
term instability when referring to such systems. Although in a classical 
control sense stability (not instability) is rigorously defined, it is 
nevertheless convenient to adopt heuristic concepts related to the 
operabilityr of systems which do not necessarily have such a precisely 
structured framework. Thus, a system is said to be unstable if it 
exhibits unacceptable behaviour during operation, such as temperature 
runaway. Temperature runaway in reactors can be caused by various 
factors, though mainly it is in situations where there is parametric 
sensitivity or multiple steady states. The former, where small changes 
in the state variables can lead to large changes in the operating state 
is easily reversible by restoring the original operating conditions. 
Multiple steady states on the other hand, which may result in large 
changes in the state of the system for small changes in the state variables, 
requires certain conditions to be fulfilled before the initial state is 
. retrieved. 
This is due to the existence of hysteresis(15). 
In the sense used here the definition of instability is necessarily 
subjective and somewhat arbitrary. Although it is clear that unaccept- 
ably large changes are a manifestation of instability, it is still 
convenient to include cases where sustained uncontrolled oscillations 
occur, whether or not they result in, for example, deactivation of the 
catalyst. Indeed, any mode of operation where an adequate control, or 
limitation of the value of the state variables, cannot be excercised, ' 
can reasonably be included in this classification since the emphasis is 
on operational characteristics. 
Despite the fact that an operational level instability is essentially 
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a dynamic problem, steady state information can nevertheless be used to 
indicate regions of potentially unacceptable behaviour. However, it 
is not simply the specification of 'hard' boundaries which is of import- 
ance, but the broader view that can be expressed in terms of the intrinsic 
characteristics of the system in relation to the patterns of behaviour 
as undesirable operating regions are approached. 
Obviously, current industrial practice requires that reactors be 
run well away from these undesirable regions of operation, which may 
represent a severe constraint when searching for optimum performance. 
An insight into the circumstances which can cause such effects and 
knowledge of how to prevent them are important aspects of reaction 
engineering which are generally not considered explicitly. Using this 
information, together with reliable design methods backed up by the use of 
optimization and good tight control, would enable the safe operation of 
packed bed reactors under the most economic conditions, often conditions 
that are close to the regions exhibiting temperature runaway. 
It has commonly been the practice in developing large scale reactors 
to carry out preliminary studies using a pilot plant. Thi: enables 
tests to be made to determine the region most suitable for safe operation. 
The commercial reactor can then be built and operated in that region. 
'T'his technique, although satisfactory in many respects, has the dis- 
advantage of being both time consuming and expensive and therefore 
cannot be used to identify the whole of the possible domain. Moreover, 
scale-up can also be a major problem and, because of the large margins 
of error often needed, the most appropriate tightness of design is not 
always permitted. An alternative approach is to use a mathematical 
model to explore the operational domain and identify where the limiting 
conditions might be encountered, and how the system might be expected 
to behave as these limits are approached. The model which should 
incorporate all the relevant kinetic, thermodynamic and transport data, 
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could even be used to explore alternative designs for the reactor, and 
could therefore complement pilot plant scale models. In practice 
however this is not usually possible for a variety of reasons, not least 
of which is the lack of accurate data for use in the model. 
An approach based on-this strategy involves the following stages: 
1. A mathematical model is formulated containing what are thought to 
be all the most important mechanisms necessary for an adequate description 
of the reactor, this being characterized by physically and chemically 
identifiable parameters. Some of these parameters will be available to 
the required accuracy from existing correlations e. g. heat capacities, 
densities etc. 
2. Experiments are designed to measure the unknown parameters, the 
accuracy to which these are required and the best experimental program 
to follow can be obtained by use of the above model. 
3. Using the mathematical model, predictions of the reactor performance 
can be made and compared with appropriate test runs on the pilot plant. 
From this the reliability of the model is then tested. At this stage, 
the model may have to be updated and the procedure repeated until satis- 
factory agreement with the experiments is achieved for as wide a range of 
operating conditions as possible. 
The resulting model, which should be as simple as possible whilst 
retaining all the features necessary to represent the system, can then 
be used to give a much better insight into the system than could be 
obtained by experimentation alone. Although computer time is expensive, 
the ease with which many simulations can be carried out in a relatively 
short time, often means that the development time necessary for a given 
reactor design can be less than that needed had only pilot plant experi- 
mentation been used. Moreover, because it was necessary to examine 
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come of the underlying effects in the process, not only has a greater 
understanding of the system been developed, but the best strategy of 
operation for the reactor should some disastrous condition arise, can 
be explored, which would not be feasible experimentally. 
The reactor group at Leeds has been looking into the problems of 
the design, optimization and control of heterogeneous reactors for several 
years, with both theoretical and experimental work running in parallel. 
Early work on the formulation of the design model has been done by 
Cresswei1(12) and Thornton 
(15), 
they attempted to isolate the major 
effects needed to describe the packed bed reactor. One of the main 
difficulties in the modelling approach is that a mechanistic model of 
the system is necessarily complex and can be unsatisfactory for use in 
optimization and control, often requiring too much computation even for 
routine design. With this in mind Turner(42) applied model reduction 
techniques to the problem and developed a steady state representation of 
a single reactor tube. While design problems usually involve only the 
steady state models, the increasing importance of optimization and 
control emphasises the need for a dynamic representation of the system. 
Dynamic studies have been carried out by Adderley(41) and Naim(35) , and 
although the models they used are still unsuitable for on-line control 
owing to their complexity, the insight that they have given into the 
system performance can be very helpful in deciding the best control 
strategy for given conditions. 
The normal design methods applied to large industrial systems assume 
that it is possible to represent the whole multitubular bundle by a single 
tube, considered to be typical of every tube in the reactor. This 
approach which does not take into account the influence of heat distri- 
bution within the coolant in specific terms, means that it is not possible, 
to say how the pattern of heat release due to reaction affects the 
performance. The need to take this into account can be appreciated if 
it is recognized that in effect significant interaction between tubes 
can occur, depending on the relative magnitudes of the heat generation 
., 
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and exchange terms. Consequently, failure to incorporate this inter- 
action into the design of such systems, but basing it solely on a single 
tube analogy can result in significant discrepancies. This work is 
intended to identify how, and under what circumstances, such considerations 
must be taken into account, together with what approximations might be 
appropriate in formulating practical models for both design and control 
studies. Perhaps even more important, it shows what experimental data 
is critical in specifying the design. However, much of the value of the 
modelling is derived from the qualitative picture of the overall behaviour 
and the insight to the overall characteristics of the system that such a 
picture reveals. In much the same way as one views the terrain on a 
map without actually making the journey, a quantitative model can be 
used to give qualitative behaviour of the whole rant of operation 
without having to run the plant under conditions which may lead to 
instability. Since the boundaries of these regions of instability 
can only be adequately defined once they have been crossed, and it is not 
feasible to operate pilot sca_e equipment under potentially dangerous 
conditions, mathematical simulation of the system can be very effectively 
used to provide useful guidelines to operational regions. Although, at 
the present time, conventional reactors do not operate close to these 
unstable regions, these areas are of some importance from a commercial 
point of view. Thus, if reliable design methods and control strategics 
can be developed, it is conceivable that reactors could be safely operated 
in regions close to conditions that might otherwise lead to temperature 
runaway. Economically this can be very attractive because of the ich 
higher yields obtainable for a lower energy consumption and capital cost. 
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CHAPTER 2 
Previous Work 
2.1 Background 
The detailed analysis of catalytic reaction systems has only really 
become feasible with the availability of high speed digital computers, 
although in certain idealized cases, analytical solutions had been 
available('). There is a wealth of literature on the subject and a 
general coverage of the relevant background can be had from textbooks 
such as: Thomas and Thomas 
(2) 
, Satterfield(3)9 Aris(4' 
75)s Petersen(5) 
(6) (7) 
Denbigh and Turner and Perlmutter. Several state of the art 
reviews, relevant to the type of fixed bed reactor dealt with in this 
thesis, have also been published, some of the most recent being 
Froment(8' 9), Elavecek(10) and Ray(11). 
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Since much of the published literature deals either with specific 
areas of reaction analysis, not relevant here, or with very simple 
models of little practical importance, an overall review of the subject 
is not intended. Instead, only areas of direct relevance to this 
thesis will be concentrated upon, in order to set the work presented 
into perspective. The main themes to be considered relate initially 
to the tubeside behaviour, namely the local effects produced by the 
catalyst particles and the overall global conditions within the tube, so 
this will involve drawing comparisons between previous work. This 
latter consideration is particularly important because of the necessity 
of demonstrating how many of the detailed analyses on single tubes 
previously reported, fail to identify a number of important features of 
multitubular assemblies. The cooling medium and its interaction with 
the tubes will then be considered, and finally the relationships of such 
models to reactor stability studies will be examined. 
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2.2 The Catalyst Pellet 
As indicated earlier, highly exothermic catalytic reactions often 
take place in a reactor tube packed with solid catalyst particles. 
The catalyst, usually a transition metal oxide (e. g. vanadium pentoxide) 
in the class of reactions considered here, is supported on a porous 
ceramic support such as silica or alumina spheres. It is necessary 
to consider the catalyst pellet in detail for two important reasons. 
First, the presence of the pellets in the tube influences the flow 
distribution of the reacting fluid and hence the dissipation of both 
heat and mass within the reactor. Secondly, the pellets provide the 
sites on which the reaction takes place. Since porous supports are 
used to increase the number of sites available, the reactants have to 
diffuse into the catalyst, react and then the products diffuse away. 
This resistance to the transport of heat and mass has the effect of 
causing conditions within the pellet to differ from those of the fluid 
and thereby influence the rate of reaction. For design purposes a 
detailed description of the pellet conditions is not really required, a 
measure of the difference between the actual rate of reaction on the 
pellet and the rate predicted by the fluid conditions would be perfectly 
satisfactory. This can be achieved by the introduction of an effective- 
ness factor which can be obtained either empirically or theoretically. 
Thiele(76) and Zeldowitsch(77) were the first to recognize the significance 
of this, and introduced calculation formulae for the effectiveness 
factor, T1 , to relate the actual reaction rate in the pellet with 
that 
predicted by the fluid conditions. Appendix A outlines the main 
resistances for heat and mass transfer to the catalyst and demonstrates 
how the effectiveness factor can be evaluated by considering them. 
A useful procedure has been developed by Petersen 
(5,13,14) 
using 
an asymptotic method to c bimate the effectiveness factor. This, in 
fact, assumes that the reaction takes place in a thin layer of the 
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catalyst under conditions of strong intraparticle mass transport 
resistance and. negligible interphase resistance. Paterson and 
Cresswei1(16) extended this work by including the interphase processes 
and were able to simplify the effectiveness factor calculation to the 
solution of an algebraic equation. In particular it was demonstrated 
that failure to include the interphase resistance led to incorrect 
results, while inclusion of these effects gave quite a good approximation 
for highly exothermic reactions where the reactants are rapidly consumed. 
Cresswell(12) showed by numerical computation that for mo=t gaseous 
reaction systems, the pellets may be regarded as essentially isothermal 
over the entire range of practical operating conditions. On the basis 
of these results, he developed an isothermal pellet model, the tempera- 
ture rise between fluid and pellet centre being lumped in the interphase 
region (i. e. the intraparticle heat resista--ice is neglected). For a 
first order reaction this is very convenient since it allows an analytical 
solution of the concentration equation to be obtained and hence the 
pellet temperature can be represented by a single non-linear algebraic 
equation in fluid temperature and concentration. Thornton(15) extended 
the isothermal pellet assumption to include a complex reaction scheme, 
as well as introducing the use of a pseudo-first order rate expression 
for the case of non-first order reactions. He also showed that the model 
gives an accurate estimate of the steady state conditions over a wide 
range of parameter values. This conclusion has been confirmed by 
Hlavacek and Kubicek(17,18). 
The experimental work confirming the results of the theoretical 
models has tended to be rather contradictory, and, although a great 
deal of work has been done, little conclusive evidence has been produced. 
This is not really surprising however, as the experimental difficulties 
are formidable, especially the measurement of intraparticle effects. 
Cunningham et al(19) demonstrated that large temperature differences 
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between fluid and pellet centre are possible, finding experimental 
values of the effectiveness factor as high as 25 in the hydrogenation 
of ethylene. Miller and Deans 
(20) 
obtained similar results, with Tý 
values greater than unity in the platinum catalysed hydrogen-oxygen 
reaction. Very large temperature gradients across the boundary layer, 
with only small differences in the pellet itself, were obtained by 
Irving and Butt 
(21) 
, who carried out measurements on various pellets 
using extremely fine thermocouples 0.025 mm in diameter. Similar 
conclusions were obtained by Fulton and Crosser 
(66) 
and Hughes and 
Koh(23), where the importance of the film resistance was demonstrated 
in catalyst pellets of various sizes and shapes in the hydrogenation of 
(ethylene. 
The former authors also reported work by Ramaswam, 
22), 
who suggest that interphase temperature differences of up to 420°C can 
occur. While this seems an excessive temperature rise it does indicate 
that the pellet temperature can be considerably higher than that of the 
fluid. 
The dynamic behaviour of catalyst pellets was investigated theore- 
tically by Thornton(15)0 He demonstrated that the pellet can be re- 
garded as being essentially isothsrmal at any instant, even in the 
transient state, and although an intraparticle temperature gradient does form 
initially, it rapidly disappears and does not seem to affect the 
isothermality assumption to any great extent. 1horlton(15) also showed 
that, since the mass capacitance of the pellet is smaller than the heat 
capacitance, the rate of change of concentration within the pellet is 
faster than that of temperature. This result, which he confirmed 
computationally, means that the changing temperature drives the 
concentration profile, so that it can be assumed to be at a pseudo- 
steady state. 
Experimental studies on the dynamics of single catalyst pellets 
have been performed by Hughes and Koh 
(23) 
who demonstrated that a small 
11 
intraparticle temperature rise during transient operation is possible. 
However, they also found that the interphase temperature gradient was 
far more important and was the dominating effect on the effectiveness 
factor. In the light of such results the approximations used by 
Thornton(15) seem acceptable, verifying that the assumption of iso- 
thermality applies equally well in the dynamic case as in the steady 
state. 
2.3 The Tubular Reactor 
The work reported here is primarily concerned with small diameter 
tubes packed with porous catalyst pellets, the gaseous reactants passing 
through the bed and reacting either on or within the pellets. In 
modelling such a system two broad types of model might be considered. 
The first, and simplest, is the quasi-homogeneous representation, 
essentially equivalent to the "empty-tube" reactor. This considers 
the pellet conditions (i. e. the temperature and reactant concentration) 
to be the same as those of the fluid, and so the packing only modifies 
the fluid dynamics, although it can have a much greater effect on the 
heat distribution of the system, especially under transient conditions. 
In such representations, it is only necessary to consider the fluid 
phase equations without explicit reference to the role of the catalyst, 
in the manner indicated in the previous section. However, many chemical 
reactions occurring in packed beds are associated with large heats of 
reaction, and it is often necessary to include the complications arising 
from the presence of the catalyst phase, owing to the differences between 
the solid and fluid conditions(8' 
14,15,24). In these circumstances, 
a more detailed reactor representation must be considered, which accounts 
for the heterogeneity of the system. In particular the differences 
between solid and fluid conditions are allowed for together with the 
fluid dynamic and heat effects, so that the overall rate of reaction is 
obtained by the use of an effectiveness factor which lumps together all 
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the rate limiting transport and kinetic effects. 
Furthermore, because of the need for external cooling with these 
highly exothermic reactions, radial temperature (and hence concentration) 
gradients are induced in the tubes perpendicular to the flow of reactants. 
The resulting model should therefore describe temperature and concen- 
tration variations in at least two space dimensions i. e. axially and 
radially in the tubeside fluid phase. Axial diffusion of heat and mass 
parallel to the bulk gas flow can, in principle, also occur under 
certain circumstances, and although it has received a considerable amount 
of attention, several investigations(28 
29,30) have shown that for 
the flow velocities used industrially the effect is negligible in beds 
larger than approximately one hundred pellet diameters. Since this is 
normally the case, it is not often necessary to include a description 
of axial heat and mass dispersion when representing an industrial scale 
unit. 
The particular nature of the reactor bed means that a detailed 
microscopic model is required, taking into account the distributions 
of individual catalyst pellets. Such an analysis is not feasible at 
this time, and in any case, is not really needed. Many workers(15, 
35,39, *39,41,44) 
in this area have tackled the problem by space 
averaging the properties of the bed, forming a continuum which can be 
represented by differential equations in mass and heat transport. 
Although the bed properties have been avoraged over the radius of the 
bed, the egaations describing the heat and mass transfer within the 
pellet are solved for the actual size of pellet used(15). This enables 
the rate of reaction and heat production per unit volume to be calcu- 
lated at any point in the reactor, as though the pellet and its associated 
voidage were acting at that point. 
An alternative to the continuum model has been proposed by Deane 
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and Lapidus(31). This assumes that the reactor can be represented by 
an interconnected network of stirred tanks, where each tank has the 
dimensions of the catalyst pellet together with its associated voidage. 
Such mixing cell models have been used by several workers(32 
33) 
and 
although they have certain mathematical advantages the method corres- 
ponds to a modified finite difference representation of the continuum 
model(34) 0 Since the continuum model gives an adequate representation 
of the system and can be solved by much more efficient techniq'ies,. such 
as orthogonal collocation 
(28,35' 36,37' 73), there is general accept- 
ance of this interpretation. 
The earliest models used for the design or simulation of tubular 
reactors were concerned with either simple systems or approximations to 
more complex problems, so that homogeneous or pseudo-homogeneous models 
were adequate 
25,20) 
. Beek 
27) 
gives an excellent review of such 
reactors including a useful discussion on the transport effects that 
can occur. McGreavy and Cresswe11(38) and Thcrnton(15) proposed a"two 
'dimensional heterogeneous model, which took into account both axial and 
radial temperature and concentration gradients. Since the bed 
properties had been space averaged the equations were in a pseudo- 
homogeneous form, though the heterogeneity of the system was included 
by modifying the rate terms at each point to account for the resistance 
to heat and mass transfer in and around the catalyst pellets. The 
model predictions were significantly different from the pseudo- 
homogeneous models which only accounted for kinetic rate limitations, 
and in many cases the later predicted temperature runaway while the 
heterogeneous model gave stable profiles. These results indicated that 
for the highly exothermic reactions being studied, diffusion and mass 
transfer limitations can seriously affect the reaction rate on the 
catalyst and that for a detailed examination heterogeneous models are 
essential. 
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The heat and mass distribution within these heterogeneous reactor 
models normally consists of a set of simultaneous, non-linear partial 
differential equations, coupled with the catalyst pellet equations 
described in section 2.2. Because of the highly non-linear nature of 
the system analytical solutions are not possible and hence numerical 
techniques have been employed, the most general method being a finite 
difference approximation (such as the Crank Nicholson method). Although 
this approximation is reliable it is not computationally efficient, 
often requiring very small step sizes for convergence, and when solving 
equations as complex as those of the heterogeneous reactor models 
computation times can become very large, even for the steady state. 
Feick and Quon(39) looked at the problem of finding an accurate and 
efficient method of solving the transient reactor system and showed that 
the very large computation necessary using a finite difference method made 
it impractical for the design or control of reactors, and even for 
detailed studies related to specific problems. Two main approaches 
have been used. The first is to use a more efficient method of solution, 
such as the alternating direction explicit mothod(39) or one of the 
collocation methods(35' 
36,37,40), 
so that the computation time 
necessary to solve the equations can be reduced, sometimes drastically. 
The second approach is to simplify the original equations by, for 
example, reducing the dimensionality. Since, the axial temperature 
and con3entration profiles are the most important, it is possible to 
employ a simple model which accounts only for these, ignoring the radial 
transport. However, the radial gradients can be quite severe, so that 
this approximation cannot always be applied, and it has been shown(15) 
that it may be inappropriate in many cases. Thornton(15) developed 
a one dimensional heterogeneous model which uses a modified Nusselt 
number for heat transfer at the wall of the tube. This can be inter- 
preted as being the result of a parabolic radial temperature profile and 
thus eliminates the need to calculate the profiles in this direction. 
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It was shown that this formulation gave satisfactory agreement for the 
steady state predictions. of the two dimensional model and, because of 
the relatively small amount of computation necessary, it proved suitable 
as a basis for extensive studies of reactor performance. Adderley(41) 
used this approach ani showed that even in the unsteady state, the 
predictions, when compared with a two dimensional model, were good 
enough for preliminary design and simulation studies. A more detailed 
attempt to reduce the dimensionality of the two dimensional hetero- 
geneous model was tried by Turner(42). Using a semi-empirical technique 
he introduced the concept of a distribution factor, analagous to the 
effectiveness factor for the pellet, definsd by the relationship: 
D= The Mean Rate of Reaction 
The Rate of Reaction at the Mean Conditions 
When combined with a modified Rasselt number, it can be used to approxi- 
mate the radial profiles in the reactor. This method appears to be 
adequate for the steady state, and Naim(35) extended the work and showed 
that the predictions remained good even for dynamic studies. Although 
much more rapid to compute than the finite difference form of the two 
dimensional model, it still rp4aires about three times as -much com- 
putation time as the one dimensional model presented by Thornton 
(15). 
It is convenient at this point to examine some of the assumptions 
commonly made in modelling studies. In all models axial symmetry of 
the bed properties and state variable profiles is assumed. This is 
certainly a valid assumption in single tube models where coolant 
conditions do not vary around the circumference. But in large 
industrial units with coolant flow across a tube bundle, large tempera- 
ture gradients can, in certain circumstances, occur in the direction of 
coolant flow. There will also be coolant velocity variation around the 
tubes. Any attempt to account for these variations would clearly, be 
impracticable, since the detailed information on heat transfer coefficients 
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at each point of the circumference of every tube in the bundle is not 
available and is unlikely to be so in the forseeable future. Indeed, 
even if such data existed any estimates of the variations would be very 
system dependent, and the results would not be reproducable in other 
systems, or even the same one. 
The flow conditions inside the tubes have to be treated in a similar 
manner, so that every point of the catalyst surface is assumed to be in 
contact with fluid of uniform concentration and temperature. Thus the 
rates of reaction and heat generation at each point in the bed may be 
calculated as though the catalyst particle is acting at that point. 
Catalyst pellets have been studied in non-uniform concentration and 
temperature environnents(43,44,45). Such studies however have been 
entirely theoretical and as experimental verification is virtually 
impossible, their use at present in realistic reactor models is therefore 
out of the question, and uniform conditions around the pellets must be 
assumed. 
dost studies assume the catalyst pellets to be spherical and of 
uniform size and activity. This, however, is not a real limitation 
since it can be shown that it is possible to define a characteristic 
length equivalent to the diameter of a sphere for any shape of particle(s). 
In the same way pellets of non-uniform size also present no difficulties 
provided an appropriate characteristic dimension is defined. This 
enables the problem of variable pellet sizes in different sections of 
the bed to be examined. In fact, this has been suggested as a convenient 
method of controlling the development of Kotspots, large pellets being 
used in areas where reaction runaway may occur. Such effects have been 
studies by Bruoset et a1ý46ý. Calderbank( 
) 
and Stewart and Sýrenson(49) 
have modelled reactors containing inert spheres to dilute the packing, 
while Shadnan_Yazdi and Petersen(47) considered the effect of varying 
activity within individual catalyst pellets, the object being to obtain 
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better yields in reactors where the product can be consumed. Very 
little is known about catalyst deactivation, but most catalysts are 
subject to it and apart from ageing, rapid increases in temperature can 
usually enhance it. 
In most studies of the dynamic behaviour of reactors the pertur- 
bations have a relatively short life compared to the time necessary to 
cause significant deactivation by the ageing process. When long 
periods are considered however, the effects of deactivation may have to 
be included and a number of studies of long term performance in which it 
plays a major role have been carried out(50,51) When temperature 
runaway occurs, deactivation takes place very rapidly making the reactor 
model no longer representative of the system. From a practical design 
or control point of view, the purpose of modelling is to avoid such 
regions so the inclusion of an accurate representation of catalyst 
deactivation is not really necessary. All that is required is detailed 
knowledge of when such effects occur, the precise temperature profile of 
a reactor exhibiting temperature runaway would be of academic interest 
only. 
A basic assumption, often applied in reactor modelling is that the 
physical and chemical parameters in a system are independent of con- 
centration, temperature and position. Although this is obviously not 
true in practice, the increased computational effect needed to solve a 
model inclu. ing such variations (even when known) cannot usually be 
justified by the increased accuracy obtained(15). In the case of the 
heat transfer coefficients, for example, they can only be estimated to 
within about 10% accuracy, so that any variation along the length of the 
bed could not really be warranted. 
The most doubtful assumption used is that of plug flow of the 
17 
0 
reacting fluid through the reactor, an assumption related to uniform 
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bed voidage. The bed voidage will not be uniform, being greatest 
near the wall 
(6) 
, and as the gas takes the path of least resistance 
through the packing the velocity profile becomes distorted. Thin in 
turn will cause the mass and heat transfer parameters to vary across 
the bed. Valstar(52) compared two reactor models, one being an assumed 
velocity profile expression, the other using the plug flow assumption. 
Significant differences were observed. More recently, Stanek and 
Szekely(53) have suggested that significant flow maldistribution occurs, 
not only because of local variations in voidage, but also because of 
variations caused by the large radial temperature gradients that can 
arise. Hoiberg et a1(54) however concluded that, in their system at 
least, the radial heat and mass transfer occurred rapidly enough to 
counteract the effects of any velocity profile present in the bed. 
Clearly, the-problem needs further clarification, with special emphasis 
on the accurate formulation of the velocity variation across packed 
beds. As Va3star(52) and Hoiberg et a1(54) have shown, the velocity 
profile is easily included in the model. The difficulty arises in 
predicting it, for the distribution of voidage and hence the form of the 
velocity profile are both very system dependant. Clearly then, until 
much more is known about the fluid dynamics of packed beds the plug 
flow assumption will have to be used in the representations. 
2.4 Coolant Effects 
While heat transfer between the coolant and reactor tube has 
received a great deal of attention, this has concentrated on the tubeside 
effects, and little work has been published on the effects of coolant 
heating or the method of heat transport through the system by the cooling 
medium. The extensive studies on reactor performance and stability 
have been largely confined to either adiabatic operation or the case of 
a constant coolant temperature surrounding the reactor tube(15). In 
virtually all cases, a single tube is taken to be typical of all the 
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tubes in the multitubular bundle. Although it is possible to operate 
in this mode, the mechanical construction of the reactor, especially 
with the larger units, means that the behaviour of the coolant must be 
explicitly accounted for(419 
59,67). The effective interactions 
between the tubes, arising from the heat release, must also be taker, 
into consideration. Also, since thermal instabilities can often be a 
problem in such systems, it is important to make allowance for them, 
especially when suitable design conditions are being sought(67). 
One of the first attempts to include coolant effects was by 
Van Heerden(F6) , who examined the behaviour of an autothermal ammonia 
converter, where the feed gases are preheated by flowing counter-currently 
along the outside of the reaction tubes. Luss and Medellin(57) 
investigated the steady state multiplicity in an unpacked liquid reactor 
with a counter-current coolant flow. Both the above systems used 
simple non-heterogeneous, single tube representations, the first being 
a quasi-homogeneous model while the latter was adequately represented by 
v 
a homogeneous system. Banchero and Smith(58) attempted to optimise the 
product yield of a shell and tube reactor containing a liquid homogeneous 
reaction, by manipulating the coolant flowrate and inlet temperature. 
Although they accounted for the fact that the reactor was multitubular 
they treated it as being a single tube with additional coolant heating. 
A similar approach to the problem was attempted by Drott(74), who 
modelled a phthalic anhydride reactor by assuming the coolant to be 
perfectly mixed but heated by the tubes in the multitubular bundle. 
His study was mainly concerned with tubeside effects, and the developpent 
of a tubewall reactor, and so not of any direct relevance to shell-side 
considerations. An interesting paper by Paris and Stevens(55) 
describes how, by appropriate cooling jacket design, -the hotopot'of a 
ain4le tube reactor can be controlled. 
None of the studies so far reported have examined either the steady 
r 
} 
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state performance or dynamics of gaseous fixed bed heterogeneous reactors 
in which the effects of coolant flow or temperature have been speci- 
fically considered. Adderley(41) looked at the problem of coolant 
heating in both single tube and multitube reactor systems containing 
a highly exothermic reaction. He found that in certain cases the 
behaviour of the coolant had an important effect on the reaction taking 
place and identified come of the areas which needed attention. Although 
Adderley's(41) work appears to be the first real attempt to investigate 
the effect of a coolant flowing over a bundle of tubes, Wanka and 
Gtitlhuber(59) have given an excellent account of the design factors used 
for such reactors. They report that the number of reaction tubes 
contained in a bundle can be as many as 30,004 though this is large 
even by todays standards, the average size being between 2,000 and 
5,000 tubes. The limiting factor on the size of the reactor is the 
maximum shell diameter that can be transported from workshop to industrial 
site(59). 
The inclusion of the coolant effects in the model is done simply 
by coupling the equations governing the reaction inside the tube with a 
heat balance over the coolant. Adderley(41) showed that the major 
problem with such a formulation was the very long, computation time 
necessary, especially if the reactor bundle contains a large number of 
tubes. However, the fact that rapid computation. of the model equations 
is not possible should not preclude the use of such representations 
should they be necessary. 
2.5 Stability 
It is well known that packed bed reactors supporting highly exo- 
thermic catalytic reactions can exhibit unstable conditions. These are 
said to occur when a small change in the reactor inlet conditions 
brings about large changes either within the bed or at the exit. Such 
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instability may be due solely to parametric sensitivity(41), and if 
this is the case removal of the disturbance restores the system to. 
its original state. However, under certain circumstances the cause 
of the instability is due, not to parametric sensitivity, but to the 
existence of multiple steady states, whereby the original state is not 
returned to once the disturbance is removed, unless special conditions 
are fulfilled(15). The potential existence of multiple steady states 
within the catalyst pellets can obviously pose difficulties in reactor 
design, sire the history of each pellet must be known before the 
reactor performance can be predicted. This applies equally well to the 
transient case, since the pellets can exhibit hysteresis with respect to 
the permissible steady states. Thornton(15) investigated this phenomena 
and showed that great care must be taken when operating the reactor 
close to the region of multiplicity. Ile developed a method in which 
the region of multiple steady states in the catalyst may be plotted as 
a phase diagram. The reactor trajectories, when plotted on the same 
diagram indicating whether or not multiplicity of solutions is likely. 
Adderley(41) extended the work and went on to develop criteria whereby 
parametric sensitivity could be predicted near regions of multiplicity. 
The primary motive for identifying such regions is to keep the reactor 
operating conditions away from potential instabilities, thus avoiding 
the undesirable effects that would otherwise occur. These tend to be 
caused by the fact that the reaction rate at one steady state may be 
several orders of magnitude greater than at another. Hence, bad 
selectivity, catalyst deactivation or even tube blowout may result if 
the pellets change states in a region of non-uniqueness. 
A vast amount of literature has been written on the stability 
problems associated with catalyst pellets. Unfortunately, as discussed 
in section 2.2 the complexity of the pellet equations means that con- 
sideration has vainly been given to special cases only. When an adequate 
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representation of the pellet is used three possible steady states can 
be obtained under certain fluid conditions(12,15), the middle one 
being metastable. For conditions outside the practical operating 
range even more steady states have been reported, as an example, 
Hatfield and Aris(61,62) obtained five steady states when working with 
low Sh /Nu ratios. 
The catalyst pellet is not the only cause of multiplicity in 
reactors. Even with unpacked reactors, when axial heat and mass trans- 
pert are important, three steady state profiles are possible for identical 
feed conditions. Multiplicity with relation to this type of system 
stability has been discussed by several workers, notably Perlmutter(7) 
with a review being given by Ra/11). The cause of this phE., omena is 
usually attributed to the backmixing of the fluid in the reactor. 
Froment(9) has pointed out however, that the degree of backmixing 
needed to produce such multiple steady states is unlikely to be found 
industrially. Several other mechanisms can cause multiple solutions, 
such as the use of recycle loops in the system. This effect has been 
studied both theoretically and experimentally for a number of cases 
(6s, 
64,65) 
Counter-current coolant flow can also produce non-uniqueness, 
and this has been demonstrated experimentally by Luss and MMadellin(57) 
using an unpacked, liquid phase single tube reactor. Adderley(41) 
also reported the phenomena for a gas phase heterogeneous reactor. 
2.6 Final Comments 
The widespread use of computers has meant that increasingly complex 
models of chemical reactors have been produced, enabling the relaxation 
and testing of many of the normal assumptions used in them. Hence, it 
is possible to determine the degree of sophistication necessary in 
describing all the quantitative characteristics of a system while still 
using well defined physical parameters to represent it. One other 
,ý 
'3 
{ major consideration must be borne in mind when comparing different 
system representations, namely, that if a model is to be of practical 
interest, then it must also be mathematically tractable i. e. solutions 
must be obtainable either analytically or numerically at an acceptable 
cost and-in a reasonable time. 
Although empirical models of the system would be admirably suited 
for simulation studies with respect to ease of solution. They cannot 
be substituted for mechanistic system representations when regions of 
potential instability are being studied. The reason for thin is that 
for an empirical model to give accurate results it must operate within 
the region for which the experiments, upon which the model is based, 
23 
have been performed. 'Mus, close to regions of instability, where no 
experintentation`is feasible, the empirical models are of limited value. 
ä 
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CHAPTER 3 
Model Development 
3.1 Introduction 
Multitabular reactors are generally used for catalytic reactions 
which require temperature control along the reaction path. In the 
exothermic reactions under study here the main purpose of the heat 
transfer medium, frequently a molton salt, is to remove the reaction beat. 
Under certain conditions however, the reactor can be arranged so as to 
use this heat in the coolant to promote reaction in regions of depleted 
reactant. As pointed out in the last chapter, despite the coolant 
being recognized as having a significant effect on the behavL. r of the 
system as a result of the importance of the heat removal terms in the 
equations, very little work has been done on the interaction between 
the tubes and the coolant. 
This chapter extends previous analyses to consider a multitubular 
representation of the system, an3 compares this overall, macroscopic 
view of the reactor with the commonly adopted single tube models. 
Although the basic mechanical features of the reactor are the same 
in most cases, essentially consisting of a shell and tube heat exchanger 
with a catalyst packing on the tubeside, there are several methods of 
contacting the coolant with the tubes. It is convenient to classify 
three main types of construction, identified by the flow direction of 
the coolant around the tube bundle, namely parallel, cross and radial 
flow reactors. Considering. these separately an appreciation as to their 
various merits can be obtained. 
a. Parallel Flow Reactor 
Figure 3.1 shows the mechanical arrangement. The coolant is pumped 
i 
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Figure 3.1 Schematic diagram of a parallel flow multitubular reactor. 
GAS 
IN 
25 
GAS 
OUT 
GAS 
OUT 
Figure 3.2 Schematic diagram of a cross-flow multitubular reactor. 
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across the tube bundle and diverted by a distribution plate so that it 
flows parallel to the tubes, either co- or counter-currently to the 
direction of the reacting gases. The advantage of this construction 
is that a uniform temperature distribution can be obtained perpendicular 
to the coolant flow making it very useful where temperature sensitive 
catalyst are used. The difficulties are that no reaction occurs before 
the coolant distribution plate, crossflow conditions exist in this 
region and as temperature gradients are present in the direction of 
coolant flow, tubes at opposite ends of the bundle experience different 
environments. An additional advantage stems from the broad cross- 
section available for coolant flow, since pumping costs are reduced 
because of the low pressure drop. Unfortunately, the resulting low 
coolant velocities produce tube to coolant heat transfer coefficients 
much lower than for other configurations, even when high circulating 
volumes are used. 
b. Cross-Flow Reactor 
This type of reactor, shown in figure 3.2, is arrangad in several 
sections by means of baffle plates so that the coolant is aý_ways flowing 
perpendicular to the tube bundle. An element of coolant will therefore 
make several passes over the bundle before completing its journey through 
the reactor. The overall directions of flow can again be either co- 
or counter-current to the reacting fluid. 
The main advantage of this reactor is the very high heat transfer 
coefficient possible with crossflow. However, there are several dis- 
advantages. First, because of the high pressure drop, a large pump 
capacity is necessary, even for low circulation rates. Secondly, the 
long path through the reactor causes heating up of the coolant, and 
tubes on opposite sides of the bundle can exhibit very different behaviour 
owing to the charging conditions across the'reactor diameter. Also, 
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because of the need to leave expansion gaps between the tubes and 
baffle plates significant coolant leakage can occur, so that unless 
care is taken, a distorted flow pattern can result which may lead to 
'dead spots' in the coolant circuit and the possibility of overheating 
of the tubes. Despite these difficulties the crossflow reactor is very 
popular industrially and most of this study will be devoted to this 
type of configuration. 
c. Radial Flow Reactor (Figure 3.3) 
The coolant is guided by a ring pipe around the circumference of 
the reactor and enters the tube bundle through openings in the shell. 
Disc and doughnut baffle plates are placed in the system so that the 
coolant effectively traverses the bundle several times before leaving 
via another ring pipe at the extreme end of the shell from its entry. 
This type, like the crossflow, has the advantage of a high heat 
transfer coefficient, but because of the large cross sections available 
for flow two main disadvantages are apparent. First unless very high 
coolant throughputs are used the coolant velocities are such that the 
heat transfer coefficients, though larger than'for parallel flow, are 
still lower than the crossflow arrangement. Second, because of the 
low pressure drop uneven coolant distributions can occur, the resulting 
coolant temperature variations leading to large conversion differences 
from tubes around the bundle and even tube burnout. The-. main advan- 
tage of this configuration however is that, since the coolant only 
travels half the distance compared to the crossflow arrangement the 
temperature rise throughout can be considerably less, which, under 
certain circumstances can be an advantage. 
As this reactor arrangement is essentially crossflow in its heat 
transfer characteristics, it can be treated as an equivalent crossflow 
reactor and so will not be given any further special configuration in the 
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Figure 3.3 Schematic diagram of a radial flow multitubular reactor. 
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present study. 
Industrial size units based on the above types of configuration may, 
using techniques recently evolved, consist of up to 30,000 tubes. The 
shell, may therefore be several metres in diameter, requiring it to be 
fabricated in several parts and expertly welded. The highly corrosive 
nature of the high temperature salts used as coolant, requiring every 
joint to be severly checked, usually means that fabrication cannot take 
place on site, hence the overall limit on the reactor size comes from 
the need to transport the unit from factory to site. 
3.2 Model Assessment 
Preliminary design calculations for the above types of reactors 
are usually based upon the assumption that it is possible to represent 
the system by a single typical tube in the bundle. In fact, when the 
reactant state variables at all the tube inlets are equal and the coolant 
enters the system at a uniform temperature, this assumption is valid for 
parallel flow reactors(41). This is because there are no radial 
temperature gradients in the coolant and although coolant heating does 
occur this is restricted almost solely to the axial direction. 
Unfortunately, this approach does not allow a description of the 
influence of the coolant to be accounted for in the crossflow type of 
reactor configuration. Consequently, without such information, it is 
not possible to say how the distribution of the heat of reaction affects 
the performance, since in certain circumstances significant interaction 
between tubes can occur, depending on the relative magnitudes of the 
heat generation and exchange terms. In these circumstances therefore, 
it is important to know what considerations mu. t be taken into account 
and, if possible, what approximations might be appropriate in formula- 
ting practical models for design and control studies. 
Formulating a suitable model is not necessarily straight-forward 
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since certain incompatabilities in the alternative representations are 
possible. Overall, the heat balance for each representation must 
agree, but this can be achieved by a number of different flow distri- 
butions, each of which will result in characteristic internal heat 
exchange patterns. These, in turn, produce different temperature 
distributions, and consequently varying inter-tubular heat exchanges. 
At present there appears to be no definitive answer to this problem, 
and it is more constructive to examine the consequences of using the 
various feasible alternative representations to try and draw came 
conclusions as to the most significant factors and the influence they 
have on predicted performance. Because of the highly interactive 
nature of the problem, it will not always be apparent which factors will 
be crucial, and so such a heuristic approach is particularly useful. 
For a preliminary study it is realistic to confine attention to 
the simple reaction scheme, A--. -B, carried out in a multitubular co- 
current crossflow reactor. This is typical of a great many reactions 
where limiting conditions, such as temperature runaway, apply. As 
typical of a class of commercially important reactions it i: ill be useful 
to adopt data for one particular system as the basis for a case study 
since this will ensure that a realistic balance between the various 
parameters is maintained. In what follows the system involving the 
partial oxidation of benzene with air will be considered. Although an 
essentially complex reaction, it nevertheless meets the proposed criteria 
for approximating a simple scheme, particularly in respect of the heat 
effects and sensitivity to temperature runaway under certain conditions. 
The major kinetic and heat transfer data for the above reactions are 
given in table 3.1, together with the basic reactor-hardware information. 
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TABLE 3.1 
'I'ypictil Data Set Used in the Thesis 
i 
f 
0 
A° 8.29 * 1010 sec-1 
E 1.114 * 105 J kgmol-1 
(- LOH) 1.256 * 106 J kgmol-1 
Dp 3. (. 6 m2 sec -1 
A 
k9. 0.0436 m sec-1 
hit 50.2 wm2Ocl 
b 2.1 mm 
L 5.0 m 
u 2.62 m sec-1 
R 21.0 mm 
R2 25.0 mm 
U 196.8 wm2 
e 0.4 
C 1.05 kJ k971 °C-1 
p 
pC 0.074 NJ m" p 
0.211 Wm10 C-1 
p 
T° 520.0 K 
Tc 520.0 K 
C 2.84 * 10-4 kgmol m-3 
ec 0.43 
Ec 0.2 
6.3 * 10-1 w m-1 °C 
üc 0.05 m sec-1 
m 0.281 kg sec -1 e 
Pc 1.72 *103 kg m73 
C 1.56 kJ kg 
1 oC 1 
p C 
PD 0.0525 m 
L 3.125 m 
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NT 50 
Number of Coolant Passes =2 
Total Number of Tubes = 2,500 
0 1.0 ' 106 
B0 4.602 * 10-5 
ShA 500.0 
Nu 1.0 
G1 0.84 
G2 0.0949 
G3 0.84 
G4 76.85 
Nu 14.6 
'IT 1.55 
T 0.03884 
o 
T 0.03884 c 
CA 1.0 
0 
A1 200.0 
A2 26.25 
G 98.25 
c 
c 15.7 
c 
sec 
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3.3 Formulation of Alternative Representations 
It is not realistic in the present state of knowledge to speculate 
k on how the various interactions in the system will affect the behaviour 
in general terzis. Rather, it will be more instructive to examine and 
compare alternative approximations of the same problem. There would 
0 appear 
to be three main approaches to the problem which merit further 
investigation: 
(i) A constant coolant temperature around a single reactor tube, which 
will be referred to as model A. 
(ii) A single tube with the coolant flowing parallel to the axis of 
the reactor tube, identified as model B. 
(iii) A multitubular assembly, taking into account the heat distribution 
effects of the coolant as it flows across the tubes in the bundle; 
essentially it makes the problem analogous to a shell and tube 
heat exchanger with internal heat generation. This will be 
referred to as model C. 
In each of the above cases it will be adequate to use the one- 
dimensional heterogeneous reaction model developed by Thornton(15) to 
represent the tubeside behaviour. This model, which uses a parabolic 
radial temperature profile assumption, is presented in Appendix B. 
Model A: 
This is obviously the simplest description of the reactor, no 
account being taken of the interactive heat transfer between the tubes, 
and so any feedback of heat through the coolant is ignored. It has 
been the model most commonly used when detailed calculations are carried 
out. For the reaction inside the tube, the dimensionless mass and 
energy balances, which are described in Appendix B, become: 
I! 
Fluid Field 
dCA+G 02 ti exp -1 CA= 0 (3.1) dz 2T 
Gu (T - Tý) =0 (3.2) äZ 
G 3 
01 with initial conditions T= Tjz-0 
CA= I lz--O (3.3) 
where Tc is the constant dimensionless temperature of the coolant and 
the effectiveness factor, T, is given by: 
1-5-S . rr-- 
02 (sg+ r) 
Reaction on the Solid: 
(3.4) 
The equations can be combined using the isothermal pellet assump- 
tion of Cresswel1(12), `as shown in Appendix A, to give: 
t_T+BShA r- Ts g+ r 
(3.5) 
which must be solved iteratively to find the solid temperature and hence 
the reaction rate. 
Model B: 
The working assumption here is that a single tube is representative 
of the entire assembly in the reactor, and although it takes into 
account coolant heating as it flows along the tube, it is not suitable 
for representing the effective heat transfer interaction between tubes. 
Nevertheless there is more scope than in the case of model A for 
approximating the description to that of a multitubalar assembly by 
using a modified wall Nusselt number and by adjusting the mass flowrate 
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4 
of the coolant so that the fraction associated with one tube is the 
same as in the multitubular case. 
Together with the reactor tube equations of model A, it is 
necessary to consider the following heat balance for the coolant: 
dTý = 2N : 
(T - Tc) 
º dz G cc 
ý. where Gcc = 11c C pc with an 
initial condition T0 = Tcz 
_0 
Tr KfeL 
This model and its method of solution are detailed in Appendix C. 
Model C: 
(3.6) 
This model-is designed to give specific consideration to the flow 
of the coolant over the array of tubes and take account of the inter- 
active effects of heat transfer throughout the bundle. It formally 
allots for coolant temperature gradients not only parallel to the axis 
of the tubes, but also across the bank, i. e. it is essentially a two- 
dimensional field with respect to the coolant temperature distribution. 
The heat balance for the coolant, outlined in Appendix D, may then be 
described by the following equation: 
a2Tc - A1 aT0 + A2 Nu` (T - Tý) =0 
(3.7) 
az2 ax C 
with the inlet condition T=T Q\< z<1 (3.8) 
Z=0 
boundary condition 3T c=0@ 
0< xS1 
a z=1 c 
The nomenclature used in describing this representation is shown in 
fiGure 3.4. 
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Figure 3.4 General representation of the reactor indicating the notation 
used in describing it. 
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Clearly, it in to be expected that there will be considerable 
0 
1 
differences in the computational requirements for each of these models, 
so that they are not all equally suitable for routine use. An important 
consideration, therefore, is to ascertain which will be suitable for 
surveys of operating conditions for control and optimization. 
3.4 Discussion 
A comparison of the operational stability of the reactor using the 
above models is conveniently done using the dimensionless T vs. B phase 
(6s 
plots proposed by McGreavy and Adderleyý. These essentially allow 
the reactor trajectory to be plotted along with regions of potential 
instability or multiplicity. Referring to figure 3.5, regions of 
parametric sensitivity (above line X-Y) ani also regions of non-unique 
solutions of the catalyst pellet equations can be easily represented. 
The results obtained for each of the above models, for the data of 
table 3.1 and with model C used as a two coolant pass co-current reactor 
assembly, are then easily depicted on this diagram. Inspection of 
these trajectories shows that neither of the single tube approximations 
exhibit temperature runaway, but the multitubular model doe for some 
of its tubes, i. e. those furthest away from the coolant inlet (tubes 30 
to 50, as shown in figure 3.4). 
A plot of T versus Z for the tubeside temperature profiles of the 
above cases is also included in figure 3.5, together with the coolant 
temperature profile of tube 1, model C. The increase in coolant 
temperature between inlet and outlet is approximately 22 K, with a 
16 K increase across the first coolant pass. Although this would 
possibly be high for normal operation, it could arise under unfavourable 
conditions and causes a shift in the tubeside hotspot towards the reactor 
inlet. Such a shift can become important, especially during transient 
operation and will be considered in a later section. Under certain 
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circumstances temperature rises of over 30 K are allowed in the coolant, 
this enables the heat of reaction to promote reaction in regions of 
depleted reactant, an important consideration in large units. 
Inspection of the coolant temperature profile throughout the 
assembly shows that in fact nearly all of the temperature increase 
occurs in the direction of coolant flow, with very little occurring 
parallel to the axis of the tubes. This observation was used by 
Adderley(41), who developed a second representation of the tube bundle, 
which he called the cell model. This ignores the coolant temperature 
gradients parallel to the tubes and, because there is little loss of 
accuracy with a large reduction in computational requirements, it pro- 
vides a very attractive representation. This will be used extensively 
throughout this work and is considered further in the next chapter. 
For single tubes, stability stuiies have normally been carried out 
using an inlet coolant temperature equal to the inlet fluid temperature, 
on the assumption that this is the least favourable case for these 
reactors. An important problem when using multitubular representations 
is to select a suitable inlet coolant temperature for such studies. 
In the practical case, it is only possible to arrange for the inlet 
reactant and coolant temperatures to be equal for the first row of 
tubes, since, because of the heat exchange, the coolant will increase 
in temperature before meeting the others, and this can quickly lead to 
temperature runaway. Alternatively, the coolant temperature in the 
first coolant pass could be arranged such that it is never higher than 
that of the inlet fluid temperature, but this is difficult because of 
the non-linear nature of the temperature distribution across the section. 
To further complicate matters, although single tube studies would imply 
that the case of a lower inlet coolant temperature than fluid tempera- 
tune is the most stable, it can in fact be unstable in the multitubular 
case. This is because, in tubes close to the coolant inlet, temperatures 
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are low enough to inhibit the reaction in the first coolant pass, 
enabling a high concentration of reactant to enter eibsequent passes, 
where they are then subjected to coolant at a higher temperature. 
This high reactant concentration, coupled with a coolant containing 
heat accumulated from previous passes, can cause temperature runaway to 
develop. Stability studies on such reactors should therefore allow for 
k the fact that tingle tube models cannot describe the coolant temperature % 
4 distribution satisfactorily and hence, in such circumstances a more 
complex model is essential. - 
3.5 Concluding Remarks 
A comparison between three alternative representations of a co- 
current, two coolant pass, crossflow multitubular reactor has shown that, 
in many important characteristics relevant to the design and stability 
studies of systems supporting highly exothermic reactions, more complex 
reactor models representing the overall configuration are necessary. 
The single tube approximations to the system commonly employed can give 
significantly different predictions, owing to their failure to account 
for the interaction between the tubes in the multitubular bundle. 
Furthermore, there are additional problems relating to reactor confi- 
guration to be taken into account, for which the single tube models make 
no provision. These problems, such as the number of passes to employ, 
or the best mass flowrate of coolant, are an intrinsic feature of the 
more complex multitubular model. In studies relating to the limits of 
safe operation, it is essential that these models be used, since it is 
just under such conditions that the discrepancies between the models are 
greatest, and the consequences of not meeting the basic assumptions of 
the simpler models of most significance. 
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CHAPTER 4 
Steady State Models for the Multitubular Bundle 
4.1 Introduction 
Whilst digital simulation has provided a powerful tool in the study 
of chemical reactors, the considerable computational effort needed to 
adequately describe the behaviour of the tubeside of multitubular 
reactors has meant that, almost without exception, the interactive 
effects between tubes caused by the coolant have been ignored. As 
indicated in chapter three, unless the coolant is accounted for in the 
system heat balance, then the results of the simulation are limited to 
either specific systems where there is no coolant temperature rise (such 
as boiling or condensation), or to cases where the quantities of coolant 
available give rise to essentially constant coolant temperatures. 
Adderley(41) made the first real attempt to tackle this problem, 
and his models will be introduced and used throughout this chapter. 
The essential requirements of any system model are that it should pro- 
vide an adequate description of the system with the minimum of compu- 
tational effort. This is especially true for a multitubular reactor 
model, where the tubeside equations have to be solved many times to give 
a complete description of the bundle. It is imperative therefore that 
such a representation contains a description of only the most important 
physical and chemical processes within the system. 
4.2 The Assumptions Used for the Shell-Side Modele 
The hydrodynamics of the shell-side of large reactor assemblies is 
very complex. When tubes are placed into the shell a small clearance 
is necessary between the tube and the baffle plates to allow for thermal 
expansion. This annular region allows coolant to flow parallel to the 
tubes and through the baffle, by-passing the main coolant flow direction. 
4? 
In practice the estimation of the resulting fluid by passing is one of 
the most difficult problems associated with heat exchanger design. 
The reasons for this can be visualized from figure 4.1. The quantity 
of coolant flowing through the tube-baffle plate clearance is deter- 
mined-by the pressure drop from one side of the baffle to the other. 
Since the pressure decreases as the fluid flows through the tube bundle, 
the pressure drop near the first tube row, e. g. Pc - Pc , will be 
larger than that near the last tube row, e. g. P- c2 
Pc. Clearly, the 
4 
amount of fluid by-passing varies across the tube bundle. In addition, 
a portion of the coolant flows between the tube bundle and the reactor 
shell and through the annular region between baffle plate and reactor 
shell. However, because reactor tube bundles are not subject to the 
same degree of fouling as normal heat exchangers using steam, they can 
be built to quite small tolerances, so that these latter by-passing 
effects are often very small. 
In the model to be derived, this by-passing of the coolant will be 
considered negligible. Hence, all coolant flowrates will be flowrates 
through the tube bundle itself. The basis for this assumption is the 
experimental work reported by Fricke et al. 
(69) 
, which demonstrates 
that 
heat exchanger dynamics were adequately modelled when by-passing was 
neglected. 
For a complete,. accurate description of the bundle a momentum 
balance, as well as a heat balance, is necessary on the coolant. This 
would then give the pressure drop, and hence velocity, of the coolant 
at each point in the bundle. However, without the detailed hydro- 
dynamic data necessary, an attempt to produce such a model would be 
pointless, and even when available would be very system dependant. 
Instead a simple model is considered, embodying specific assumptions 
about the coolant flow. Such models can then be used to identify which 
parameters were essential in more accurate surveys of specific systems. 
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Figure 4.1 Schematic diagram of the shell-aide coolant flow. 
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One of the major assumptions made is that the coolant velocity is 
constant and uiidirectional across the tube bundle. Clearly, this will 
not be the case in practice. The coolant will flow in one general 
direction, but it will also swirl around the tubes and vary in speed. 
However, as no data is available at present this assumption is necessary 
here. The errors introduced into the representation by this will 
affect the heat transfer coefficient between the tube and the coolant. 
Fortunately however, this outside, tube-coolant coefficient is ten to 
twenty times larger than the inside value(59)9 and so even larger 
variations in the external coefficient will tend to be damped cut when 
the overall heat transfer coefficient is calculated. This can be 
illustrated by looking at a typical example. The internal coefficient 
for the system under study is typically 251.0 Wm 
1°C-1, 
whilst Wanka 
and Guttlhuber(59) give a value for the external coefficient as 2510.0 
Vi61°C-1. Therefore neglecting the heat transfer resistance of the 
C-. On tube wall, the overall coefficient would be 228.2W 
IO ý 
doubling the external value to 5020. O W m1°C 
1, the overall coefficient 
becomes 238.6U" r1°C-1. Thus, a 100; 0 change in the value of the external 
coefficient has given only a 5% change in the value of the cverall 
coefficient. Hence, it is the internal heat transfer that is limiting 
and so variations which arise from fluctuations in the external value 
of the coefficient can be neglected. 
A second assumption is that although a temperature profile may 
develop in the coolant along the outside of the tube, there'is no heat 
or mass transfer across the baffle plates, which are assumed to be of 
negligible thickness. The coolant leakage assumption has been covered 
earlier, and Adderley(41) has shown that the assumption of no heat 
transfer across the baffle causes large local gradients in the tubeside 
temperature profiles. While it is unlikely that such large gradients 
and the associated rapid changes in coolant temperature actually exist 
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in practice, he showed that they had little effect on the performance of 
the system. 
While allowing for heat transfer between coolant passes would account 
for these effects, the extremely time consuming, nested-. iterative 
calculations cannot be justified when compared to the accuracy of the 
model as a whole. Such effects will therefore not be included in this 
study. 
Because of the tubeside model assumptions, it is satisfactory to 
ass; vme a constant coolant temperature around the circumference of the 
tubes. Temperature variations will obviously occur around the tubes, 
but they would be small and could never be measured with the accuracy 
necessary for inclusion in a general model of the system. 
A final assumption, related to that of constant coolant velocity, 
is that the row of tubes across the diameter of the tube bundle is 
characteristic of those in other parts of the bundle. The coolant 
velocity will, of course, be greatest at the bundle diameter and will 
decrease as the length of the coolant path decreases. However, such 
reactors are designed with an offcut in the baffle plates of approximately 
20%, this portion being untubed, so that the actual cross-section of 
the bundle is almost rectangular. This design, in which the coolant 
can turn for the next pass without having to flow parallel to any of the 
tubes, means that no tubes have the lowered heat transfer coefficient 
(and hence potential hotepots) produced by parallel flowing coolant. 
Hence, only a small proportion of tubes close to the reactor shell will 
be affected by any errors introduced by this assumption, and as its 
relaxation would mean considering every row of tubes in the bundle, it 
is not considered necessary in view of the hydrodynamic data available 
at present. 
" 
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4.3_The Co-Current Crossflowing Coolant Reactor Model 
With the above assumptions, Adderley(41), using the nomenclature 
shown in figure 4.2, forirulated two separate representations to this 
system. The first, a continuum model, described in Appendix D, has 
already been introduced in chapter three. This model assumes that the 
coolant can be described as a continuum containing heat sources to 
represent the tubes in the bundle. Temperature gradients in the coolant 
are accounted for both parallel and perpendicular to the coolant flow, 
but the large computational time needed (150 seconds on an ICL 1906A) 
and the very small temperature rise in the coolant perpendicular to the 
flow leads to the development of a second, simpler model. 
This mixing cell representation of the system divides each coolant 
pass of the reactor into a set of cells. Each cell is assumed to con- 
tain perfectly mixed coolant so that the environmental temperature can 
be assumed constant along each tube section in each pass. A heat 
balance, using this assumption gives, as shown in Appendix E: 
Z 
Tý Tý + NuW 
2 (T -T) dz 
(4.1) 
M 4-1) 
G 
(i) 
c z1 
where: Nuw is a modified Nusselt number, used to account for the 
assumed parabolic radial. temperature profile on the tubeside, 
G=m Cpc ,i refers to the cell under consideration and T is the 
4TTKf e LB 
radiaL mean tubeside temperature, which is dependant upon T c(i) 
Thus, for a bundle with N tubes across the diameter, for each 
coolant pass there are N equations of the form of equation (4.1) 
coupled with the tubeside equation, which produces the tubeside temp- 
erature at each point. The tubeside model used is presented in 
Appendix B. It is a one dimensional, heterogeneous model with an 
assumed parabolic radial temperature profile. The adequacy of this 
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Figure 4.2 General representation of the reactor indicating the notation 
used in describing it. 
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representation will be discussed later in this chapter. 
For a reactor of 50 tubes across the diameter (i. e. 49 cells) and 
four equal coolant passes, the computation time is approximately 60 
seconds on an ICL 1906A when using the data presented in table 3.1. 
As can be seen from figure 4.3 the agreement between the two models is 
very good, the slight discrepancies occurring because of the temperature 
gradients perpendicular to the coolant flow predicted by the continuum 
model. As the flowrate of the coolant becomes very low, more and more 
heating of the coolant occurs and so the difference between the models 
becomes larger as the coolant temperature gradients become more pro- 
nounced. Nevertheless, agreement is still very good and so the cell 
model is evidently a perfectly satisfactory substitute for the continuum' 
model. 
Preliminary calculations have shown that, provided the coolant 
flowrate is not too low, a very effective simplifying assumption is 
possible in the case of the cell model, this being that the heat gained 
by the coolant in each cell is approximately constant over a certain 
number of cells. It is best illustrated in the following v ay: 
Prom equation (4.1) 
Tc = Tc +Nw P(j) 
(4.2) 
G 
c 
Z2 
where F(i) (T-T c(i) 
) dz 
z1 
similarly, for cell (i+1): 
Tc = Tc +Nw 2(i+1) 
(4'3) 
(i+1) (i) 
G6 
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Substituting for T 
c(i) 
in equation (4.3) from equation (4.2) gives: 
Tc = Tc +Nw (F(i) + F(i+1» (i+1) (i-1) 
G 
c 
Thus, for cell (i+n) 
T 
°(i+n) Cý-1) + 
Nu F(i+k) 
k-0 
(4.4) 
Now, if '(i)"'-' F(i+1) ~ F(i+2) " 'ý F(i+n)' then equation 
(4.4) becomes: 
T=T+ Nu* (n+1) F(i) (4.5) 
c(i+n) 0(i-1) 
Gw 
c 
If an appropriate value of n is chosen, the approximation will be 
valid and equation (4.5) will hold. 
Figure 4.3 shows the effect of this apprbximation with n= 24. 
The difference between the full and approximate cell models is not very 
large, and in fact although the saving in computer time is very great 
(the case shown took 9 seconds on the ICL 1906A), the loss of accuracy 
is quite small. If more accuracy is required then a smaller value of 
n can be chosen. It is interesting to note that normally the simplified 
model predicts higher temperatures than the detailed cell model, so 
that it may be treated as a safe approximation, since any operating 
conditions decided on the basis of the simplified model would tend to 
be conservative. 
'The simplified cell model is therefore a satisfactory representation 
of the co-current multitubular reactor, provided that care is taken in 
choosing the value of n. 
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4.4 The Counter-Current Crossflowing Coolant Reactor 
The assumptions upon which these models are based are identical 
to those employed in the co-current cr. ossflow models described in 
section 4.3. The only difference in the direction of flow of the 
coolant relative to the direction of flow of the reactant gases, this 
is shown schematically in figure 4.2 along with the nomenclature used 
in naming the tubes, passes etc. 
Adderley(41) using the mixing cell arrangment as for the co-current 
system formulated the following model. A heat balance over cell i 
giving: 
z 
T -T -Nuß 
2 (T-T ) dz (4.6) 
c(i) 
G 
c(i+1) C(i) W 
c 
1 
Again T is obtained from the one dimensional tubeside model presented 
in Appendix B. 
For a tube bundle with N tubes across the diameter there are N 
equations of the form of equation (4.6) coupled with the tubeside 
`4uations, for each coolant pass. Because the coolant enters the tube 
bundle at the baffle section from which the reaction gases leave, an 
iterative approach has to be used in the solution of the equations 
owing to the fact that the tubeside equations must be solved from the 
gas inlet and, as only the coolant inlet temperature is specified, the 
coolant temperature at this point is not known. The coolant exit 
temperature is therefore assumed, and the equations solved by marching 
across the tube bundle in the opposite direction to the coolant flow, 
the coolant inlet' temperature can then be computed. This can then be 
compared with the actual inlet temperature and if the two values do not 
agree, a new coolant exit temperature is assumed and the calculation 
repeated. Appendix F gives a full description of the procedure. 
52 
As with the co-current cell model, the assumption that the heat 
gained by the coolant in each cell is approximately constant over a 
number of cells can be used. 
z2 
Putting F(l) T-TcW) dz 
z 
Then from equation (4.6): 
NU 
w 
Tc(i+1) = =T -G F(i) 
c 
Similarly: 
Tc(i+2) Tc(i+1) 
G 
Fii+1) 
c 
Therefore, from (4.7) 
T =T -lau c(i+2) c (i) 
G 
W(F(i) +F(i+1 
) 
c 
Thus: 
n-1 
- NU TC(i+n) TC(i) G 
F(i+k) 
c k-0 
Nowt if F(i) _ F(i+1) 4c":: F(i+2) 0'- 
Then equation (4.8) becomes: 
Tc Tc -Nu nF(i ) (i+n) (i) 
Gw 
a 
(4.7) 
(4.8) 
(4.9) 
Figure 4.4 shows the comparison between the detailed and approximate 
models for n=6. The agreement is very good at normal coolant flow- 
rates, but when very low flowrates are investigated, the discrepancies 
between the representations become larger. In these cases a smaller 
value of n can be employed to obtain greater accuracy. It is interesting 
to note that a smaller value of n is needed in this case than was used 
for the co-current model of section 4.3. This arises from the much 
greater sensitivity to the coolant temperature caused by high outlet 
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coolant temperatures affecting the rich concentration of reactants 
entering the system. The results of this higher sensitivity will be 
discussed in later chapters. 
The computation times of the detailed and approximate models 
(with n= 6) are in the ratio 5: 1, so that the latter becomes very 
attractive when an initial survey of the operating region is required. 
Should a more detailed analysis be needed, especially at low coolant 
fkwrates, then a smaller value of n can be used. 
This counter-current model presented here is based upon the 
assumption that the thermal gradients in the coolant perpendicular to 
flow are negligible. This assumption has not been verified and in 
view of the greater coolant sensitivity in this case the results of the 
co-current representation should not be extrapolated to influence the 
degree of sophistication of this model. With this in mind the following 
continuum representation of the counter-current reactor can be formulated. 
4.4.1 Counter-Current Continuum Model 
The main problem in the solution of the counter-current reactor 
problem is that the coolant temperatures around the inlets to the 
reactor tubes are not known. This can easily be accounted for in the 
case of the mixing cell model, introduced earlier, by assuming an outlet 
coolant temperature and marching through the system in the opposite 
direction to the coolant flow, if the calculated inlet coolant temp- 
erature is equal to the true value (within error bounds) then the 
solution is complete. If not, the calculation is repeated using a new 
guess outlet temperature. In the continuum model proposed here 
however, the fact that a temperature gradient is allowed for parallel 
to the reactor tubes means that a temperature profile would have to be 
assumed if the same method of solution were employed. This presents 
computational difficulties, and in fact even if the solution converges 
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on the inlet coolant temperature it is doubtful that the coolant 
temperature gradients along the tubes are correct. 
Instead a new approach is needed, one in which the start of the 
calculation has a known temperature profile. Figure 4.5 will help to 
demonstrate how this is achieved. The tubeside reaction equations 
are conveniently solved from the inlet to the outlet, so, using the 
assumption that the coolant is perfectly mixed in the turnround region 
between pastes, the flat temperature profile entering coolant pass 1, 
Tc, is assumed, and the equations solved for coolant pass 1 giving 
goes 
the coolant outlet temperature T0 Coolant pass 2 can then be 
out 
solved using the known inlet coolant temperature and the stored values 
of the tubeside state variables. Thus, the outlet coolant temperature 
from pass 2, Tc 
1, 
is calculated. If Tc 
goes 
and Tc 
1 
are equal, within 
the required accuracy, then the calculation is complete. If not, a 
new Tc is taken and the procedure repeated. 
gae s 
Using this method of solution, the equations are solved by marching 
across the tube bundle in the direction of coolant flow and so the heat 
balance derived for the co-cu--rent continuum model of section 4.3 may 
be used for each coolant pass in sequence. Thus, the equation governing 
the thermal gradients both parallel and perpendicular to coolant flow 
can be written as: 
a2Tc - Al 8TH + A2Nu*(T -)=0 
(4.10) 
ez ax 
with the inlet condition: TcT cIx_0 
04 zcS 1 
boundary condition: 8Tc =0 fz0 =00 (x ý1 
azc @ zc =1 
The radial mean tubeside temperature, T, which is also a function of 
Tc9 can be obtained from the heterogeneous reactor model of Appendix B. 
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Figure 4.5 Schematic diagram showing the solution method used in the 
counter-current continuum model. 
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Equation (4.10) has been solved using the finite difference net- 
work as for the co-current reactor problem, the step lengths necessary 
for accurate convergence being the same. The complete solution method 
for a two coolant pass reactor, using the nomenclature of figure 4.5, is 
as follows: 
1. Assume a coolant temperature profile, perpendicular to the 
direction of coolant flow, at the first (i. e. Tc 
gues 
, the inlet temp- 
erature to coolant pass 1) or next position along the direction of 
coolant flow in coolant pass 1. 
2. Using this temperature profile solve the tubeside model for 
the length of tube in this pass. 
3. With the tubeside temperature profile from step (2) solve 
the coolant finite difference equations in the direction perpendicular 
to coolant flow to obtain a new coolant temperature profile in this 
direction. 
ý. Check whether the coolant temperature profile calculated at 
(3) agrees with that assumed cat step 
(1). If not, using the profile 
of step (3), repeat the calculation from step (2). If convergence is 
obtained and x< 1 (i. e. the outlet of the coolant pass is not reached) 
go on to the next position in the direction of coolant flow and repeat 
from step (1). If x=1 (i. e. the outlet from the first coolant pass 
is reached) continue to step (5). 
5. Assume a coolant temperature profile perpendicular to the 
direction of coolant flow at the first (i. e. Tc , the coolant inlet 
to the reactor) or next position along the direction of coolant flow in 
coolant pass 2. 
6. Solve the tubeside and coolant equations in this pass in the 
came way as for coolant pass 1. When x=1 (i. e. the outlet from the 
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second coolant pass) is reached, the coolant temperature here, T0 ,, 
1 
is compared to the value assumed in step (1). If adequate convergence 
is obtained the calculation is complete. If not the process is 
repeated from step (f)using a new value of Tc 
gue s 
The method of repeated substitution has been used for the assumed 
coolant temperature and is found to be adequate in most situations, 
giving three or four iterations. When very low coolant flowrates are 
used however, especially close to the region of multiple steady states 
in the coolant temperatures, then a more sophisticated method of 
approximation is recommended, such as a quadratic convergence technique, 
to keep the number of iterations required down to a minimum. 
Reactors having more than two coolant passes can be represented in 
a similar manner. For example, a three coolant pass system requires 
two coolant temperatures to be assumed, these being the inlets to coolant 
pass one and two. A four coolant pass reactor requires three assumed 
temperatures. Obviously, the computational requirements increase 
dramatically as more passes are considered. 
Figure 4.4 shows the comparison between the above continuum 
representation of a two coolant pass reactor and the detailed cell 
model introduced earlier. As can be seen the agreement between the 
models is very good, indicating that, as in the co-current reactor 
system, the coolant temperature gradients parallel to the tubes are 
small enough to be ignored when modelling the reactor. As the two 
coolant pass arrangement has the longest tube length per pass, as com- 
pared to three or four pass systems, it would be expected to have the 
most severe thermal gradients parallel to the tubes. Hence, if the 
gradients in the two pass system are small enough to be ignored, this 
is also true for systems containing more than two coolant passes. 
If the approximate cell model is used with n=6, again agreement 
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is very good (figure 4.4); in fact under the conditions used here, the 
approximate form of the cell model gives even closer agreement to the 
continuum model than the detailed form. As a result of this comparison 
it is concluded that the approximate cell model, with n=6, can be 
used to adequately represent the counter-current reactor system, and as 
the computational requirements are much less than those of the continuum 
model for very little loss of accuracy, it will be used extensively 
throughout this thesis. 
4.5 Representation of the Tubeside in the Steady State Nultituhular 
Reactor 
4.5.1 Introduction 
The analysis of the multitubular assembly so far presented has 
used the one dimensional heterogeneous model of Appendix B to represent 
the tubeside behaviour. While this representation, using a modified 
Nusselt number based on a parabolic radial temperature profile, has 
been shown to give results suitable for an initial survey of operating 
conditions(15,41), the differences between this and more accurate 
models accounting for tubeside radial heat and mass transpo: t, can become 
significant, especially under severe operating conditions. The main 
problem with using such a one dimensional model is that the state 
variables are radial mean values. Since for non-linear functions the 
radial mean value is not the same as the value at the radial mean 
conditions, this is likely to raise problems in the evaluation of the 
reaction rate terms. Thornton(15) investigated this situation and 
concluded that, when using the one dimensional model with an assumed 
parabolic radial temperature profile, evaluation of the reaction rate 
at the radial mean conditions tended to underestimate the true values. 
Although the accuracy of the data used in the multitubular models is 
not, at present, good enough to warrant the use of a more complex 
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model during general studies of operating conditions, it is useful to 
produce such a model to see just how significant the errors introduced 
by the assumptions used in the one dimensional model are. 
4.5.2 The Two Dimensional Tubeside Model 
This model, proposed by Zdaim(35)9 is outlined fully in Appendix G. 
The dimensionless heat and mass balance equations, having had their 
radial differential operators reduced by the orthogonal collocation 
procedure, become: 
N 
. VJ + G4(tj - T3) (4.11) dz G: 
WjtiTi + 
U37 
IJ 
3 i=1 
u"A =N QJ, - G2 fJ 02CA 
(4.12) 
'S 
J 
G1 'J 
i=1 
J=1,2, ..., N 
with the initial conditions: 
CA(z) = CA1(0) 
T(z) = TJ(0) 
at z=0,0<r<1 
NN 
where: WJ, i = fB3, i - BJ, N+1 . AN+1, i 
i=1 i=1 Nu 
w+A. N+1 9 N+1 
NN 
J, i = 
fBJ, 
i - BJ, N+1 -TT+1, i 
i-1 i-1 AN+1, N+1 
and VJ = BJ, N+1 -Nw' Tc 
Nuw + AN+1, N+1 
The AJ'i and BJ'i are the collocation coefficients for the first and 
second order differential operators respectively, N being the number of 
interior zeros of the orthogonal polynomial used. Explicit forms for 
A and B may be found in Appendix G. 
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Equations (4.11) and (4.12) form an initial value problem and can 
be solved by any suitable method. Owing to the possibility of steep 
axial temperature gradients the fourth order Runge Kutta Merson routine, 
with a self adjusting step size, has been used in this study. The 
radial temperature profile, approximated by Legendre polynomials can 
give four significant figure accuracy when three interior collocation 
points are used. Increasing this value to N=4 gave no significant 
increase in accuracy under the conditions used, though it is recommended 
that N=4 be used when extremely steep radial gradients are encountered. 
Coupling equations (4.11) and (4.12) with the mixing cell model 
the overall reactor perfozmance can now be investigated. Since it is 
possible to find an accurate value of the tubeside temperature at the 
wall this can be used in the equations instead of the radial mean tube- 
side temperatures used in equations (4.1) and (4.6). 
model equations become: 
a) For the Co-Current Reactor Model 
z2 
T=T+ Nu ( TIy_R - To ) dz ýýi) oýi-1) 
GWWo 
zi 
and b) The Counter-Current Model 
z2 
T0 
(1) 
Tc 
4-1) 
Iw(T +Y--R - Tc (i-1), 
dz 
cz 
1 
Thus, the cell 
(4.13) 
(4.14) 
where Tly_R = Tubeeide temperature at the wall and from Appendix G, 
N 
TI 
y=R 
(Nu Tc(1) -l Ak, N+1 . T(k)) w- k= 
( Nu 
w+A N+1, N+1 
) 
Figure 4.6 shows the axial centre-line temperature profiles for both 
the one and two dimensional tubeside models, when using the data of 
table 3.1 in a co-current, four coolant pass reactor with a low coolant 
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velocity (0 = 98.25). The one dimensional model, which tends to 
overestimate the modified Nusselt number at the wall, Nuw, underestimates 
the centre line temperature in the reactor. The radial temperature 
profiles produced in the two dimensional representation are given in 
figure 4.7, which shows how they depart from the parabolic profiles 
assumed in the simpler model. 
Although the peak temperature is underestimated (the complex model 
gives a peak of 784K, and the one dimensional model 732K), the simpler 
model still shows all the qualitative features of the reactor and has 
the great advantage that its computation time is much less. Thus the 
profiles given here took approximately nine seconds on an ICL 1906A 
for the simple model, whereas the two dimensional representation, which 
used four collocation points because of the steep radial profiles, took 
approximately one minute on the same machine. Both representations 
used the simplified cell model given by equation (4.5) with n= 24, so 
that in the 49 cell per pass system used here the tubeside is evaluated 
three times per pass. Obviously, the complex tubeside model is 
unsuitable for use in the detailed cell model where the tubeside equations 
are evaluated 49 times per pass, and even when the simplified cell 
model is used, general surveys of reactor operating conditions would 
require an excessive amount of computation. 
The corresponding reactor temperature profiles for counter-current 
coolant flow are shown in figure 4.8, the data being the same as for 
figure 4.6, except that the coolant flowrate is five times larger, 
i. e. Go = 491.25. This higher rlowrate is necessary because the 
counter-current reactor is much more sensitive to the coolant temperature 
and, as will be shown later, needs much higher coolant velocities than 
the co-current flow configuration. 
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Since the one dimensional tubeoide model gives a good qualitative 
picture of reactor behaviour without the need for the excessive com- 
putation times of the more complex model, it will be used throughout 
this present study to give an insight into the interactions between 
the coolant and the tubes in large multitubular bundles. 
4.6 Conclusions 
Several different representations of multitubular reactor bundles 
have been introduced. On the shell-side it has been demonstrated that 
the temperature gradients in the coolant along the tubes could be 
ignored, so that the mixing cell model is suitable both in terms of 
accuracy and computation time. This model, with the added attraction 
of the ease with which it can be simplified, reducing its computation 
time still further, will therefore be used to represent both co- and 
counter-current reactor configurations throughout this study. 
The representation of the tubeside has also been considered and, 
although the one dimensional model with its assumed parabolic radial 
temperature profile tended to underestimate the more complex two 
dimensional model, it gave very good agreement in its qualitative 
predictions. As this is primarily an initial study of the effects 
produced in large multitubular assemblies, a qualitative picture of 
reactor performance is adequate in formulating generalized criteria 
for the behaviour of such systems. Indeed, at the present time the 
accuracy of the data does not warrant the use of an unduly complex 
tubeside model, so that even if the two dimensional model were used 
the absolute value of the results would hardly be significantly 
improved. In view of this, the simple one dimensional model described 
earlier will be used throughout the remainder of this study. 
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CHAPTER 5 
The Steady State Behaviour of Multitubular Reactors. 
1. Co-Current Cooling 
5.1 Introduction 
Present reactor design methods, based on the assumption that the 
tube bundle can be represented by a single, typical tube are perfectly 
adequate when dealing with operating conditions that do not enter regions 
close to those of potential instability, or involve any abnormal 
behaviour such as maldistribution of feed stock among tubes. However, 
when seeking high performance from a given unit it is possible that the 
preferred operating state is close to these regions and, if such designs 
are to be considered it is essential to have reliable information on the 
behaviour of the system under these circumstances so that potential 
hazards can be evaluated. 
The following chapters consider the effects of allowing for the 
multitubular characteristics by using the models developed in chapter 
four. This can result in significant effects, not only on the stability 
of the systems but also on the economic viability of using alternative 
reactor configurations. Because of the inherent differences between the 
co- and counter-current coolant flow reactors, these will be considered 
in separate chapters, a comparison and summary of their behaviour being 
given in chapter seven. This chapter deals with the co-current cooling 
configuration and shows the significance of the distribution of the 
reaction heat around the system. It is shown how single tube models 
cannot take into account the basic structure of the tube bundle and 
emphasizes the point that many designs fail to use the heats of reaction 
evolved in an effective way. 
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5.2 A Two Coolant Pass System 
The overall configuration of multitubular reactors has already 
been dealt with in chapters three and four, and figure 3.4 shows the 
arrangement of this, the simplest form of crossflow reactor to be con- 
sidered. During this study, unless otherwise stated, the data of 
table 3.1 will be used to ensure consistancy throughout; and in des- 
cribing the tube bundle, tubes 1 and 50 will be shown, these representing 
the extreme conditions in the reactor. Other tubes have conditions 
intermediate between these two. 
The tubeside profiles of tubes 1 and 50 for various coolant velocities 
are shown in figure 5.1. The most striking feature of these are the 
large differences between tubes at extreme ends of the bundle. The 
peak temperature is larger for tube 50 and always occurs in coolant 
pass 1, whereas that for tube 1 occurs in coolant pass 2. Increasing 
the coolant velocity (and hence decreasing the residence time of the 
coolant in the reactor) has a considerable effect on the shape of the 
temperature profiles, tending to make them more uniform across the 
bundle, reducing the peak temperature and moving the peak towards the 
reactant outlet. The coolant temperature rises for the cases shown in 
figure 5.1 are 56 K, 28 K and 13 K for the coolant velocities 0.05,0.1 
and 0.2 m/sec respectively. As a frame of reference, coolant temp- 
eratures of the order of 10-20 K can be considered normal operating 
conditions encountered industrially. However, higher temperature 
rises of over 30 K can be used to promote increased reaction in the 
latter half of the bed where the reactants are becoming depleted. This 
type of operation will be considered more fully at a later stage. The 
very high temperature rise of 56 K, considered in figure 5.1, would be 
unacceptable during normal operation. Though these cases should be 
considered when designing or studying the operability of a plant because 
low coolant velocities may arise under abnormal conditions such as pump 
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failure, pipe blockage or pressure leakage. It is under these 
conditions that safety measures must be quickly applied, and as these 
cannot be tested adequately on the plant, simulation methods can use- 
fully be employed to plan appropriate emergency procedures. The main 
problems arising from very high coolant temperatures, apart from the 
large differences between tubes at either end of the bundle, are that 
the coolant might decompose or enhance corrosion of the shell and 
tubes. In the case of the molten salts considered here, charring and 
decomposition can occur, causing fouling of the coolant flowpaths and 
a lowering of the coolant-side wall heat transfer coefficient, 
Figure 5.2 shows the effect of lowering the coolant inlet temp- 
erature below that of the inlet reactant temperature for the worst case 
in figure 5.1. The extent of conversion and maximum tubeside tempera- 
to are both reduced, and when the temperature is low enough (see the 
case with the coolant temperature of 500 K) the position of the maximum 
tubeside temperature moves across the tube bundle from tube 50 pass 1 to 
tube 1 pass 2. Movement of this type can present serious problems in 
monitoring the reactor performance, since it is preferable not to have 
to place thermocouples in every tube in the system. 
Raising the reactant inlet temperature, figure 5.3, moves the tube- 
side temperature peaks towards the reactant inlet, increases the height 
and gives greater conversion. Once again it can be seen that the 
position of the maximum temperature on the tubeside of the bundle 
cannot be predicted a priori. Lowering the reactant temperature moves 
the position of this maximum from tube 50 pass 1 to tube 1 pass 2. 
The effects of hotspot movements will be considered more fully in 
section 5.4. It is significant that the highest tubeside temperature 
occurs in either tube 1 or tube 50, since these represent the two 
extremes within the bundle. The exact position depends upon the inlet 
parameters to the system and the configuration of the reactor. 
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5.3 The Effect of the Number of Coolant Passes on the System 
It was explained in chapter three that baffle plates can be placed 
in the system to force the cooling medium into crossflow over the bundle 
and so achieve a high coolant to wall heat transfer coefficient. The 
number of coolant passes in multitubular reactors is a design variable 
and although no published work has been produced on the subject the number 
used can have significant effects both on the heat distribution in the 
system and the conversion obtained. Industrially, up to six coolant 
passes can be employed. Above this number the pressure drop in the 
coolant circuit tends to be so large that the additional pumping costs 
outweigh any advantage gained either in achievable heat transfer co- 
efficient or in the distribution of reaction heat. 
Basis For Comparison 
When comparing different configurations, the immediate problem is 
the choice of a frame of reference. Since the size of reactor remains 
constant, having differing numbers of passes means that the comparison 
can be based either on a constant mass flowrate or a constant velocity 
coolant. Figures 5.4 and 5.5 show the tubeside temperature profiles that 
are produced when the number of coolant passes are increased from two 
to six, using the constant mass flowrate and constant coolant velocity 
bases respectively. The corresponding coolant temperature increases 
and conversions are given in tables 5.1 and 5.2 
The most striking feature of figures 5.4 and 5.5 is that the 
profiles produced by systems with three or more coolant passes tend to 
be grouped together. The two pass system, however, tends to stand out 
both because of the large difference between profiles from extreme ends 
of the bundle and the fact that they tend to be different from the other 
configurations which are broadly grouped together. This is especially 
true in the constant mass flowrate case. 
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TABLE 5.1 
The Effect of the No. of Coolant Passes on the Performance of a Co- 
Current Reactor at Constant Coolant Miss Flowrate. 
Conversion 
No. of Passes AT (°K) TUBE 1 TUBE 50 
o 
2 28.5 87.2 96.3 
3 27.6 90.7 89.5 
4 27.2 90.0 88.3 
5 27.0 88.98 88.5 
6 24.9 87.69 87.6 
TABLE 5.2 
The Effect of the No. of Coolant Passes on the Performance of a Co- 
Current Reactor at Constant Coolant Velocity 
Coolant Velocity, U=0.1 m/sec 
% Conversion 
No. of Passes eK) AT TUBE 1 TUBE 50 0 
2 13.6 81.7 88.6 
3 20.4 87.6 86.8 
4 27.2 90.0 88.3 
5 34.0 91.2 90.7 
6 37.6 91.7 91.7 
Examination of table 5.. 1 shows that as the number of coolant 
passes increases, with the mass flowrate constant the difference between 
conversions in tubes at extreme ends of the bundle becomes less, with an 
accompanying decrease both in the overall conversion and the coolant 
temperature rise. The explanation can be appreciated by considering 
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a two and a four coolant pass reactor system. In the two pass case 
(refer to figure 5.4) the main reaction zone, around the tubeside temp- 
erature peak, would normally be in coolant pass 1, but, for tubes with a 
low tube number the cold inlet coolant decreases the amount of reaction 
occuring here. Because the coolant pass contains a large length of 
tube, the coolant heating in this first pass is quite large, so that 
when tubes with a high tube number are considered (e. g. tube 50) a high' 
temperature coolant is in contact with a rich reactant concentration 
and vigorous reaction occurs. Although the coolant is even hotter when 
it reaches tube 1 pass 2 the temperature peak in this pass is still 
lower than that in tube 50, pass 1 because the reactant concentration in 
this part of the tube is much less. When the four pass system is 
considered, the tubeside temperature peak occurs in coolant pass 2 in 
all tubes in the bundle. The first coolant pass sees the cold coolant 
flowing over the tubes and in this pass little reaction occurs because 
the reactants temperature has not risen much above the inlet value. 
The coolant is therefore not heated very much in this pass (compared 
to pass 1 in the two pass system) both because little reaction occurs 
in this bed length and the length of tubes available for heat transfer 
is less. Therefore, in the region of high reactant concentration, 
the coolant is not as hot as around the high numbered tubes of the two- 
pass case. Thus, although a temperature peak does develop, the excessive 
reaction region of the two pass system is not produced. 
Table 5.2, which shows the constant coolant velocity case, indicates 
that, unlike the previous example, the conversion and coolant temperature 
rise both increase as the number of passes increases. This is to be 
expected, as the residence time of the coolant also increases with an 
increasing number of passes. (In the constant mass flowrate case, the 
residence time of the coolant is constant and it is the coolant velocity 
that changes with an increased number of baffle plates. ) However, this 
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increased reaction is also due to another reason, caused by the method 
of heat generation and removal in the system. Consider, for example, 
the change from a five to a six coolant pass configuration. The 
increase in the number of passes results in a decrease in the length of 
each baffled section. In the first coolant pass the tubeside gases 
heat up as the reaction develops, leaving this pass at a higher temper- 
ature than when they entered. Thus, more heat is transferred from the 
tubes to the coolant near to exit of the tubes from this pass than near 
the reactor entrance. On shortening the length of the tubes in this 
pass by increasing the number of passes, the amount of heat which can 
be transferred to the coolant decreases and so the coolant does not heat 
up as much as it flows across the bundle. This occurs despite the 
decrease in mass flowrate of the coolant across this pass. Consequently, 
the tubeside gases do not become as hot in the first pass of a six pass 
system as in a five. In the second and subsequent passes more reaction 
takes place in the case of six passes since less reactant has been 
consumed in the first. This causes greater heat generation and, 
therefore, more heating of the coolant. The hotter coolant experienced 
by the tubes in turn causes more reaction to take place, causing even 
more heat generation. The process is enhaulced by the lower mass flow- 
rate caused by shortening the baffled sections at constant coolant 
velocity. 
TABLE 5.3 
The Effect of the No. of Coolant Passes on the Performane of a Co- 
Current Reactor at Constant Coolant Mass Flowrate. Tube length, L=4m 
Conversion 
No of Passes (°K) GT TUBE 1 TUBE 50 0 
2 25.9 85.1 90.34 
3 25.0 86.9 84.0 
4 24.6 84.8 84.1 
5 24.4 84.4 84.0 
o 
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TABLE 5.4 
The Effect of the No. of Coolant Passes on the Performance of a Co- 
Current Reactor at Constant Coolant Mass Flowrate. Tube length, L=6m 
% Conversion 
No of Passes AT (°K) TUBE 1 TUBE 50 0 
2 29.5 88.8 98.2 
3 28.8 92.3 94.0 
4 28.5 92.9 91.4 
5 28.4 92.2 91.2 
6 26.2 90.8 90.5 
Tables 5.3 and 5.4 show the effects of the number of coolant 
passes at constant mass flowrate on reactors of different tube lengths 
(4 m and 6m rather than 5 m). As expected, the trends indicated 
earlier are still apparent. As the number of coolant passes increases, 
the coolant temperature rise and overall conversion decreases. The 
larger reactor shows both higher conversion and higher coolant tempera- 
tune rise (for a given configuration) than the smaller reactor. 
The tubeside temperature profiles for reactors having three, four 
and six coolant passes are shown in figures 5.6,5.7 and 5.8 respectively, 
the conditions used being the same as those in the two pass examples of 
figures 5.1,5.2 and 5.3. The main trend apparent in the configurations 
with more than three coolant passes is the increasing similarity between 
the profiles of tubes 1 and 50. Again, increasing the coolant velocity 
causes the tubeside hotspot to move towards the reactor exit, the 
coolant temperature rise to decrease and (table 5.5), the overall 
conversion to decrease. For the data used throughout this study the 
two coolant pass system shows large differences between conversions in 
tubes across the bundle. Three or four pass systems on the other hand 
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TABLE 5.5 
Fractional Conversion for Co-Current Reactor Systems 
INLET T EMP 510 K 520 K 530 K 
COOLANT VELOCITY 0.1 m/sec 0.05 m/sec 0.2 m/sec 0.1 m/sec 
2 PASS TUBE 
TUBE 
1 
50 
69.0 % 
70.0 % 
94.9 
99.6 
% 
% 
81.8 % 
88.6 % 
95.6 % 
99.4 
3 PASS TUBE 
TUBE 
1 
50 
67.0 % 
65.0 % 
97.8 
96.6 
% 
% 
84.0 % 
83.7 % 
97.0 % 
98.6 % 
4 PASS TUBE 
TUBE 
1 
50 
65.0 % 
65.0 % 
97.2 % 
95.2 % 
83.9 % 
82.9 / 
97.6 % 
97.5 % 
give reasonably high conversions with only slight differences between 
tubes at extreme ends of the bundle. The increased pressure drop that 
would be introduced by using more than four coolant passes can only be 
warranted when the spread of conversion across the bundle is very 
damaging to the quality of the product. Moreover, very high pressure 
drops in the coolant circuit may necessitate the use of a momentum 
balance on the shell-side equations, and so the results from the models 
used may not truly represent the system if it contains a large. number of 
passes. 
An important feature of the co-current multitubular reactor can be 
seen in several-of the profiles so far presented, namely that of multiple 
tubeside temperature peaks. This effect is shown very well in figure 
5.6, for the case of T=0.03884 and U. = 0.05 m/sec in a three pass 
reactor. Although the conditions used in this case are severe, giving 
a coolant temperature rise of approximately 40 K, the phenomena of en- 
hancing the reaction in regions where the reactant has become depleted 
is clearly shown and can be used to advantage under milder operating 
conditions. The same effect is shown under possible industrial con- 
ditione by the four pass reactor in figure 5.4 where the coolant 
84 
temperature rise is 27 K (table 5.1). Ultimately, it should be possible 
to induce a controlled coolant temperature throughout the system, the 
heat of reaction produced in the early, high concentration parts of the 
reactor being used to produce a series of shallow peaks in the tubeside 
temperature. Then, the catalyst in the-tube is not subjected to large 
temperature peaks in a single reaction zone, but rather to several 
smaller peaks spread along the length of the tube. Consequently, both 
catalyst deactivation and the risks involved in controlling large 
temperature hotspots can be reduced. 
It should be pointed out that it is this effect of the heated 
coolant causing high reaction rates in the latter parts of the reactor 
which necessitates the use of these more complex multitubular r)dels 
rather than the single tube models which do not account for the coolant 
behaviour. 
5.4 Effect of Configuration on the Position of the Tubeside Hotspot 
It has been shown in the previous section that the reactor con- 
figuration can significantly affect. the performance of the system. 
Figures 5.9,5.10 and 5.11 show how the tubeside temperature peaks are 
positioned in different tubes across the bundle. The same set of 
conditions have been plotted for two, three and four coolant pass 
systems so that the trends indicated earlier can be seen more clearly. 
It should be emphasized, however, that these plots do not give any 
indication of the level of the tubeside temperature or of the conver- 
sions achieved. For this information, the results given previously 
in this chapter will be used. 
The diagrams show particularly well the effects of changing the 
coolant velocity or reactant inlet temperature, with the resulting 
movement of the steady state temperature peaks from one coolant pass 
-, 
to another. In practice the coolant velocity will vary and so 
it is 
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unlikely that the temperature peaks will remain in the same position for 
the entire life of the reactor. The results shown here could represent, 
for instance, the initial and final steady state positions of the tube- 
side hotspot had the coolant pump been allowed to deliver less coolant 
after say pump failure. The transient response of such action is 
considered later, in chapter eight. 
As an example of the use of such a diagram, consider the two coolant 
pass system of figure 5.9. A decrease in the inlet reactant tempera- 
ture of 20 K from 530 K results in the movement of the tubeside peak 
temperature of all the tubes in the bundle from coolant pass 1 to coolant 
pass 2. Referring to figure 5.3 and table 5.5 it can be seen that, 
in fact, the latter steady state has a very shallow peak with a very low 
conversion of approximately 70% of reactants being converted, as opposed 
to the 95% and above for the higher inlet reactant temperature. 
In general it would be expected that, for any given coolant pass, 
the tubeside temperature peak would move towards the reactant inlet as 
the coolant temperature increases. However, this intuitive conclusion 
is not always true for reactors having multiple coolant passes. 
Referring again to the co-current, two coolant pass system shown in 
figure 5.9, for the conditions producing temperature peaks in pass 1, 
the position of the peak moves towards the reactant inlet as the tube 
number is increased i. e. tubes in pass 1 having a high tube number have 
a higher temperature coolant environment and hence the reaction accele- 
rates, and a peak forms earlier in the bed. For coolant pass 2, however, 
the conditions of the dotted line (T = 0.0381 and II = 0.1 m/sec) 
prdduce unexpected temperature peak positions. As the coolant tempera- 
ture increases from tube 50 to tube 1, the peak position in the tubes 
moves towards the reactor outlet, opposite to the expected direction. 
This behaviour is caused by the heating/cooling effect of the coolant 
in pass 1. Since the coolant around tube 1 pass I is cooler than that 
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around tube 50 pass 1 the reactant gases leave pass 1 hotter in tube 
50 than in tube 1. Hence the temperature peak in tube 50 occurs 
closer to the bed inlet than that of tube 1 even though the coolant 
temperature around tube 1 pass 2 is higher than that of tube 50 pass 2. 
Although the peak occurs earlier in the bed, because the coolant 
temperature is lower than for tube 1, the height of the peak in tube 50 
is less (see figure 5.3) and the conversions in tubes at extreme ends 
of the bundle are very close, being 69% for tube, 1 and 70% for tube 50. 
An example of the multiple peak effect, 'produced by the heated coolant 
inducing reaction in the outlet regions of the bed, can be seen in 
figure 5.11. 
Because of the coolant temperature gradient across the tube bundle, 
tubes at either end of the bundle diameter do not exhibit the same 
behaviour, and hence there will be one tube in the bundle with conditions 
more severe than in any of the others. From a control point of view, 
it would be very useful to be able to predict, a priori, which tube this 
will be so that it can be monitored. Then, as long as it is kept 
within the required operational safety limits, it would be known that 
all the tubes in the bundle are within these safety limits. Unfortunately, 
there does not appear to be any means available for identifying this 
tube. However, the above studies have demonstrated that the most 
extreme conditions are to be found in either tube 1 or tube 50, so the 
problem of selecting monitoring positions is now manageable. It should 
be obvious in these discussions that under no circumstances should the 
results obtained just from one tube be taken as representative. Indeed, 
this is emphasized by the well known fact that, in large tube bundles, 
maldistribution of feed among the tubes (see section 5.6) can occur so 
that a number of tubes from the positions experiencing extreme conditions 
should be monitored. The work described here offers the possibility of 
obtaining reliable information about critical areas in the bundle. 
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It is particularly instructive to consider the position of the tube 
with the maximum tubeside temperature peak (the monitoring tube) in 
more detail. The dependance of the position on reactor configuration 
can be investigated by using the cases studied in figures 5.4 and 5.5, 
the monitoring tube being shown for various reactor configurations at 
both constant coolant mass flowrate and constant coolant velocity. 
Table 5.6 summarizes the position of the monitoring tube for each 
configuration. 
TABLE 5.6 
The Tube Containing the Maximum Tubeside Temperature Peak, for Various 
Reactor Configurations. 
No. of Coolant Passes Constant Coolant Flowrate 
Case 
Constant Coolant Velocity 
Case 
2 tube 50 tube 50 
3 tube 1 tube 1 
4 tube 1 tube 1 
5 tube 1 tube 1 
6 tube 50 tube 50 
In some cases a simple pattern becomes apparent, as can be seen 
with the aid of figure 5.12, although this is not universal and only 
applies to certain cases the diagram shows the configuration being 
studied, the approximate positions of the tubeside temperature peaks 
and the direction of flow of the coolant. The monitoring tube is often 
the tube at the outlet of the coolant pass containing the tubeside 
temperature hotspots. For a two pass system, figure 5.12(a), the 
maximum tubecide temperature peak is in tube 50. Unfortunately, the 
method fails in two cases. The first, demonstrated in figure 5.12(e), 
occurs when the tubeside hotspots are in more than one coolant pass, 
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a 
b 
c 
Figvre 5.12 Schematic diagrams 
tube containing the 
d 
e 
Approximate position of the 
tubesido hotspot. 
used in the prediction of the 
maxims tubeside temperature 
in co-current reactors. 
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possibly even stradling the baffle plate. The second case has been 
demonstrated earlier in this section, when the tubeside temperature 
peaks move towards the reactor exit as the coolant temperature increases 
across the tube bundle. This behaviour is due to the heating/cooling 
effect of the previous coolant passes, the higher reactant temperature 
entering that pass in tubes close to the coolant inlet to that pass, 
more than compensating for the increasing coolant temperature as it 
flows across the tube bundle. Hence, even though a tube has a high 
coolant temperature around it, if the reactant temperature is lower than 
that of a tube with a lower coolant temperature, then the temperature 
peak in that tube may be lower. 
5.5 Variation of the Overall Heat Transfer Coefficient 
One of the most difficult parameters to obtain accurately in a 
reacting system. is the heat transfer coefficient, values obtained from 
standard correlations varying by up to approximately 25%. Figure 
5.13 shows how the variation of the wall Nusselt number affects the 
tubeside temperature profiles in a four coolant pass reactor with a 
coolant velocity of 0.1 m/sec. As the Nusselt number decroases the 
overall coolant temperature rise increases and the tubeside profiles 
produce much higher peak temperatures. This behaviour results from 
the initial decrease in the heat transfer to the coolant because of the 
lower heat transfer coefficient, so that the tubeside fluids are hotter 
in the low Nusselt number case and more reaction occurs making them even 
hotter. Ultimately, although the Nusselt number is low, implying low 
heat transfer, the driving force caused by the higher tubeside tempera- 
ture produces higher coolant temperature rises in the low Nusselt number 
case than in the high. 
, 
5.6 The Maldistribution of Reactant Feed to the Tubes 
The use of a model which considers the entire bundle of reactor 
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tubes enables an examination of the consequences of not meeting the 
basic assumptions used in the single tube models normally applied to 
studies of the operability of reactor units. Earlier sections of this 
chapter have considered the effects of the shell-side configuration and 
the results of changes in coolant variables, such as the mass flowrate. 
This section concentrates on a common problem encountered in all systems 
containing parallel reaction units, the maldistributicn of the inlet 
reactants to the tubes. In the large reactors used industrially, the 
number of tubes used can be as high as 30,000, and the chances of the 
reactant flowrrate being constant for all the tubes in the bundle is very 
small. The randomness of the packing will cause different pressure 
drops (and hence velocities) in the bundle even before the reactor has 
been commissioned, and, as demonstrated earlier, since all the tubes do 
not have the same performance, even with the same feed parameters, the 
degree of coking within the bed will vary significantly from tube to 
tube. 
A four coolant pass reactor has been taken as a typical industrial 
unit and, using the data of table 3.1, the feed flowrate of reactant 
varied in some of the tubes. Flowrate changes in single tubes in the 
bundle have no effect on the overall performance of the system, the tube 
with the abnormal flowrate being the only one affected. However, when 
abnormal flowrates occur in groups of tubes the performance of every 
tube in the bundle can be affected. For example, figures 5.14 and 5.15 
show the tubeside temperature profiles obtained when a reactant flowrate 
deviation of +10% or +20% is applied to groups of ten tubes at either 
end of the tube bundle. That is, of the fifty tubes across the bundle 
diameter, twenty (ten at each end) are subjected to reactant flowrates 
different from the rest of the bundle. Figure 5.14 covers the indust- 
rially acceptable coolant velocity of 0.25 m/sec, while figure 5.15 
shows an extreme case with a coolant velocity of 0.05 m/sec and very 
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Figure 5.16 
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profile for a four coolant 
pass reactor used as a --" . tube 25 
reference in the work on 
maldietribution of feed. --- -- tube 50 
Hi, h coolant velocity. u=0.25 m/sec. (21on-svecified 
Figure 5.17 The tubeside temperature profiles for a four coolant 
pass co-current reactor, used as a reference in the 
work on the maldistribution of feed. Low coolant 
velocity, u=0.05 In/Sec. (Non-specified data as 
table 3.1) 0 
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large coolant temperature rises. For comparison figures 5.16 and 
5.17 respectively show the above cases without maldistribution of the 
feed. 
Referring to the above figures, together with table 5.7, it can be 
seen that changes of up to 16% can be obtained in the overall coolant 
temperature rise when maldistribution occurs. The effects on the 
other tubes in the bundle can become significant. In the case of 
II = 0.25 m/sec the peak temperatures arc raised by approximately 6K 
in the most severe case, while with the lower coolant velocity the 
temperature peak is raised by 18 K when the flowrate in the abnormal 
tubes is decreased by 200/6. 
TABLE 5.7 
The Conversion and Coolant Temperature Rises in Reactors Subject to 
Maldistribution of the Feed to the Tubes. Coolant Velocity, U=0.25 m/sec 
change in flow 
velocity in % change in % conversion 
affected tubes AT (°K) coolant temp rise tube 25 ° 
NONE 10.6 - 82., 1 
=. 10% 11.5 ."8.5 
% 83.0gä 
+10 % 9.6 -9.4 % 81.6 % 
-20 % 12.3 16.0 % 84.0 % 
+20 % 9.0 -15.1 % 81.2 
% 
U = 0.05 m/sec ° 
change of flow 
velocity in AT (°K) % change in % conversion in 
affected tubes c coolant temp rise tube 25 
NONE 54.5 - 95.7 % 
-10 % 57.0 4.6 % 97.2 
+10% 51.8 -5.0% 95.3 % 
-20 % 59.0 8.3 % 97.8 
+20 % 49.0 -10.1 % 94.6 % 
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Obviously, such interactions between tubes cannot be accounted for 
in the single tube representations commonly employed in the design of 
large reactors. Although the effects of differing flowrates can be 
studied in these models (see figure 5.18 which shows a 20% decrease in 
flowrate), the information gained refers only to the tube in question, 
not to the tube bundle as a whole. Table 5.7 shows the overall con- 
versions obtained in tube 25 of the tube bundle for varying degrees of 
flowrate maldistribution in tubes at extreme ends of the bundle. It 
should be noticed that although the values of the conversions change by 
up to 2%, the single tube model could never predict this as it is only 
concerned with the tube in which the flowrate is actually varying. 
Moreover, these predictions are invariably too low. Thus, for the case 
shown in figure 5.18, the conversions obtained by the single tube model 
are 76.49/6 for the reference conditions and 97.8% when the flow velocity 
is decreased by 20%. Tube 1 (one of the tubes subjected to a 20% 
decrease in flowrate), from the case shown in figure 5.14, gives con- 
versions of 82.4% and 98.4% for the standard arid maldistributed cases 
respectively. 
It is clearly of some importance that maldistribution of feed to 
the tube bundle should be accounted for, and this is not possible in 
single tube models. Failure to do so can lead to significant errors 
in predicting system behaviour which can be particularly important in 
the case of the highly exothermic reactions being considered here. 
5.7 Heat Generation and Removal in the Co-Current Reactor 
In important step in attempting to understand the overall behaviour 
of multitubular reactors involves the interpretation of the relationship 
between the heat generation and removal. Figure 5.19 shows the overall 
heat generated and removed from tube 1 at various inlet coolant tempera- 
tares in a four coolant pass reactor operated at a coolant velocity of 
100 
0.055 
0.05 
0.045 
0.04 
0.035 
z ---- 
tart Velocity, 
2-42m/sec 
tart Velocity, 
2.1 m/cec 
Figure 5.18 The effect of varying the reactant flowrate in a 
single tube, constant coolant temperature reactor 
model. (Pion-specified data as table 3.1) 
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Figure 5.19 Overall heat generation and removal curves for tube 1 in 
a four coolant pass co-current reactor. Coolant velocity, 
uc = 0.15 m/sec. (Remaining data as table 3.1) 
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II = 0.15 m/sec, the remaining data being given in table 3.1. The 
immediate impact of the curves is the highly non-linear nature. 
Referring to heat generation, increasing the inlet coolant temperature 
causes the reaction to accelerate, until, at high values total conversion 
of reactants occurs, and the generation of heat reaches its maximum 
value. Consideration of the heat removal indicates three regimes. 
The first, where the coolant quenches most of the reaction causing the 
system to behave as a heat exchanger. Increasing the inlet coolant 
temperature decreases the heat removal, since the driving force for heat 
transfer is decreased i. e. the tube to coolant temperature decreases. 
As the temperature is increased still further, the tubeside reaction 
generates more and more heat, the temperature driving force increases 
rapidly and in this, the second regime, the gradient of the heat removal 
line increases rapidly. Finally, as the coolant temperatures causing 
complete reaction are reached the curve levels off. Increasing the 
coolant temperature beyond this point once again causes the system to 
behave as a heat exchanger, since the maximum heat generation is occurring 
on the tubeside increasing the coolant temperature decreases the heat transfer 
äriving. force, and the heat removal therefore decreases. The point 
of intersection of the curves represents operating conditions such that 
all the heat evolved is removed by the coolant. When the heat removal 
curve lies above the heat generation curve the tubeside gases leave the 
system cooler than when they entered, when it lies below, they leave the 
system hotter. 
It is now instructive to consider how the heat removal and 
generation are distributed amongst the coolant passes. Figures 5.20 
(a), (b), (c) and (d) show the heat removal and generation curves for 
tube 1 in each pass of the system above. In coolant pass 1 the gener- 
ation curve is always increasing with increasing coolant temperature, 
the heat removal going through a minima at T=0.0385. All other Cin 
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coolant passes show both heat curves passing through maxima. At low 
inlet coolant temperatures there is very little reactLon (and therefore 
low heat loads) throughout the system, then as the coolant temperature 
increases more and more reaction occurs in all cool-ant passes. Thus, in 
all passes the heat loads increase. At high coolant temperatures 
however the amount of reaction in the early passes allows very little 
reactant to pass into subsequent regions of the bed, therefore, as the 
coolant temperature increases above a certain point, the heat loads on 
later coolant passes decrease. Ultimately, at very high coolant inlet 
temperatures, all the reaction will occur in coolant pass 1 and the heat 
generation in subsequent passes will fall to zero. 
The information gained from studying such plots will be looked at 
in greater detail in chapter seven, where consideration will be given t3 
the predictions of the most desirable operating conditions in both co- 
and counter-currently cooled reactor systems. 
5.8 Conclusions 
The reactor configuration has been shown to have significant effects 
both on the stability and achievable conversion of co-currently cooled 
reactors. As the number of coolant passes is increased, the overall 
conversion of the system decreases slightly, as do the differences 
between tubes at extreme ends of the bundle. Three or four coolant 
passes seem, for the data used here, to give the best performance for 
a wide range of operating conditions. Two coolant passes can have a 
large distribution of conversions across the tube bundle and therefore 
tend to exhibit undesirable operating characteristics. 
The coolant, often ignored in the initial design stages, can be 
used 
Ito distribute the heat of reaction around the assembly, inducing 
If adequate con- further reaction in regions of depleted reactant. 
sideration is given to the effects of coolant flowrate and reactor. 
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configuration the increased conversions and reduced pumping costa possible 
are economically very attractive, considering the small amount of effort 
required for such surveys when using the models developed in chapter 
four. 
Although single tube models can be considered adequate for initial 
studies under relatively mild operating conditions, problems can arise 
when the basic assumptions of the models are not met. Hence, in very 
large multitubular bundles, where maldistribution of feed to the tubes 
can be a serious problem, the use of the simple models can result in 
misleading conclusions being reached, owing to the failure to account 
for the interactive nature of the heat transfer around the tube bundle. 
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AFTER 6 
The Steady State Behaviour of Muititubular Reactors. 
2. Counter-Current Cooling 
6.1 Introduction 
This chapter complements chapter five by considering the steady 
state behaviour of reactors operated counter-currently. Although there 
are many similarities between the two modes of operation, the major 
points of difference are the greater coolant flowrates necessary when 
operating counter-currently, and also the possibility of multiple steady 
states in the coolant. In particular, the former is due to the con- 
figuration of the reactor. The coolant, being heated as it 'gavels 
through the system, is relatively hot when it reaches the coolant exit/ 
reactant inlet, and consequently affects the high concentration feed- 
stock at the inlet regions of the reactor. In the co-current mode, the 
cold inlet coolant affects the high concentrations of reactants. 
Hence, under critical operating conditions, if the co-current arrange- 
ment is at the limits of stability, the coolant exit temperature in the 
counter-current must be kept low for it to be stable, and this is most 
easily achieved by using a higher coolant flowrate than in the co-current 
system. 
Multiple steady states are always a feature of systems containing a 
feedback loop. In the counter-currently cooled reactor the feedback 
consists of the reaction heat carried in the coolant. The phenomenon 
has been mentioned by Adderley(41), who modelled the counter-current 
multitubular reactor and Luss and Medellin(57) who observed three 
different steady states in a single tube homogeneous reactor with 
counter-current cooling. 
Throughout this chapter the detailed cell model developed in chapter 
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four has been used. The lumping assumption is not applied so that the 
results at both high and low coolant flowrates can be consistantly 
compared. 
6.2 The Effects of Coolant Flowrate and Reactor Configuration on the 
System Performance 
6.2.1 Variation of the Coolant Flowrate 
A major difference between the counter-currently cooled reactor 
and the co-current system considered earlier is the much greater 
sensitivity of the former to the coolant outlet temperature. This 
phenomenon, which is due to the outlet coolant temperature affecting 
the inlet, high concentration reactant gases necessitate greater coolant 
mass flowrates for the same degree of stability than would be needed 
for the identical system operated co-currently. 
Figure 6.1 shows the effect of varying the coolant mass flowrate 
in a four coolant pass, counter-current reactor. The lower the coolant 
velocity, the higher the residence time and therefore the increased 
coolant temperatures cause higher rates of reaction. The overall 
coolant temperature rises are 68 K, 33 K and 15 K respectively for the 
coolant velocities Uc = 0.05 m/sec, 0.1 m/sec and 0.2 m/sec. Note that 
the corresponding temperature rises for a. co-current system are 54 K, 
27Kand13K. 
6.2.2 Influence of the Number of Coolant Passes 
The tubeside temperature profiles that are obtained under 
different shell-side configurations are shown in figures 6.2 and 6.3. 
As in the co-current case, both constant coolant flowrate and constant 
coolant velocity are considered, the resulting coolant temperature 
rises and conversions being given in tables 6.1 and 6.2. Referring to 
the constant flowrate case first, it can be seen that there is little 
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TABLE 6.1 
Effect of the Number of Coolant Passes on the Performance of a Counter- 
Current Reactor at Constant Coolant Mass Flowrate 
/ Conversion 
No. of Passes AT (OK) TUBE 1 TUBE 50 c 
2 11.7 91.3 84.2 
3 12.0 89.0 90.3 
4 12.2 89.5 90.3 
5 12.3 90.7 89.8 
6 11.4 89.3 89.7 
TABLE 6.2 
Effect of the Number of Coolant Passes on the Performance of a Counter- 
Current Reactor at Constant Coolant Velocity, IIý = 0.25 m/sec 
Conversion 
No. of Passes AT (°K) TUBE 1 TUTE 50 o 
2 5.5 84.6 81.3 
3 8.8 86.6 87.3 
4 12.3 89.8 90.5 
5 15.8 93.1 92.2 
6 18.1 93.7 94.4 
difference between any of the configuraticn3 containing more than two 
passes. Once again, this two pass configuration differs from all the 
others, having a wider variation of conversions across the bundle 
diameter. Table 6.1 shows that, as in the co-current reactor, 
increasing the number of coolant passes causes the conversion to go 
through a maximum value. This maximum occurs at five coolant passes. 
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However, as the difference between the conversions obtained from three, 
four and five passes is very small, the use of more than four passes 
would not be justified owing to the increased pressure drop and hence 
pumping costs that would follow. 
The reasons for the similarity between the reactors containing 
more than two coolant passes can be explained by considering the inter- 
action between the coolant and the tubeside gases. - Because the coolant 
temperatures are high in the first part of the tube bundle near the tube 
inlets, a large amount of reaction takes place here consuming most of 
reactant. Heat generation is therefore the dominant process, as will 
be shown later in section 6.7. In the second part of the reactor, 
near the coolant inlet, very little reaction occurs and heat transfer 
. from the tubes to the coolant is the dominant process. This is caused 
by the low reactant concentration and the low coolant temperature 
environment. Consequently, the later stages of the system act essentially 
as a heat exchanger, and since the gases entering it are at approximately 
the same temperature regardless of the number of coolant passes, with 
the mass flowrate of coolant the same in each case, they are therefore 
cooled by similar amounts ant]. hence the coolant is heated to the same 
extent. In the first half of the reactor, heat is being generated 
much faster than it can be removed and so the tubeside temperatures tend 
to be similar, whatever the number of coolant passes. Thus, there is a 
similar amount of heat available to the coolant in each configuration, 
so, although the amount of heating of the coolant in each pass varies, 
with the length of the tubes in that pass, the overall effect in this 
part of the reactor is similar in each case. As a result the overall 
conversions and temperature rises are approximately the same. 
Intuitively, it may be argued that cases in which the majority of 
the reaction, and therefore the tubeside hotspot, occur in the latter 
part of the reaction tubes, then the number of coolant passes would have 
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a greater effect on the system performance. However, for this to happen 
the outlet coolant temperature would have to be low enough to atop the 
reaction occurring in the early stages of the bed. Consequently, the 
coolant temperature must be low throughout the system. Hence, the rate 
of reaction and the rate of heat generation must also be low, resulting in 
the amount of heat removal necessary being so small that the number of 
coolant passes makes little difference. 
Predictably, the constant coolant velocity case shows that the more 
coolant passes used, the greater the conversion obtained. This is 
because increasing the number of passes increases the coolant residence 
time and consequently higher coolant temperature rises are obtained. 
The larger coolant temperatures then result in greater conversions. 
TABLE 6.3 
Effect of the Number of Passes on the Performance of a Counter-Current 
Reactor. Tube Length 4 M. Constant Coolant Mass Flowrate 
Conversion 
No. of Passes AT (°K) TUBE 1 'UBE 50 ° 
2 11.1 88.7 84.6 
3 11.5 88.1 87.6 
4 11.5 87.5 88.5 
5 11.7 88.4 88.0 
6 10.7 87.4 87.44 
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TABLE 6.4 
Effect of the Number of Coolant Passes on the Performance of a Counter- 
Current Reactor. Tube Length 6 m. Constant Coolant Mass Flowrate 
No. of Passes ATc (°K) % Conversion 
TUBE 1 TUBE 50 
2 11.9 92.7 85.3 
3 12.3 89.4 92.21 
4 12.6 91.5 91.3 
5 12.6 91.1 91.8 
6 11.7 90.6 91.3 
Comparing different lengths of reactor tubes, at constant mass 
flowrate, gives the same results as in the co-current case. Tables 6.3 
and 6.4 show the results obtained for tube lengths 4m and 6m 
respectively. The coolant temperature rise and conversions are higher 
the longer the tube. An important difference between the co- and 
counter-current modes of operation should be pointed out here. In the 
co-current case, the longer tubes have no effect on the performance of 
the up-stream sections of the reactor tubes. Hence, reactors with a 
stable temperature peak at one tube length will still be stable with a 
longer tube. (Unless instability is caused by the extra heating of the 
coolant forming a hotspot in the alditional length of tube. For 
instance a4m tube might hot contain a hotspot and be stable, whereas 
a5m tube could have an unstable temperature peak in the last metre of 
the bed. This should be unlikely in the systems under study here, as 
most of the reactants should have been used up in the earlier parts of 
the bed. ) However, in a counter-current system, the extra heating of the 
coolant, when using a longer tube, is fed back into the upstream section of 
the tubeside making the hotepot for a long tube higher than that for a 
shorter tube. Thus, -it is important to consider the feedback of heat 
115 
through the coolant when considering using longer tubes in a counter- 
current reactor. 
TABLE 6.5 
Fraction Conversions for a Counter-Current Reactor System 
INLET TEMPERATURE 510 K 520 K 530 K 
COOLANT VELOCITY 0.1 m/sec 0.2 m/sec 0.1 m/sec 
2 PASS TUBE 1 
TUBE 50 
94.3 % 
80.0 % 
93.7 % 
85.6 % 
99.5 % 
96.2 % 
3 PASS TUBE 1 
TUBE 50 
93.9 % 
92.4 % 
92.9 % 
91.2 % 
99.4 % 
98.1 % 
4 PASS TUBE 1 
TOE 50 
92.4 % 
94.8 % 
92.1 % 
92.8 / 
92.24 
98.9 9% 
Tubeside temperature profiles for two, three and four pass reactors 
under various operating conditions are shown in figures 6.4,6.5 and 6.6. 
The conversions associated with these are given in table 6.5. In all 
cases, increasing the coolant velocity decreases and moves the tubeside 
hotspot towards the reactant outlet, though in general, they always 
remain in the first half of the tube. Reducing the reactant inlet 
temperature has a similar effect. The outstanding feature of these 
examples is once again the large spread of conversions from tubes across 
the bundle diameter in the two coolant pass configuration. 
An interesting feature of the counter-currently cooled reactor is 
that unlike heat exchangers, the maximum coolant temperature is not 
always at the outlet of the system. This phenomenon occurs in three or 
more coolant pass reactors, when, under mild conditions, small tempera- 
ture peaks occur in the second pass, very little reaction occurring in 
the first. Consequently, the temperature of the coolant decreases 
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cases, increasing the coolant velocity decreases and moves the tubeside 
hotspot towards the reactant outlet, though in general, they always 
remain in the first half of the tube. Reducing the reactant inlet 
temperature has a similar effect. The outstanding feature of these 
examples is once again the large spread of conversions from tubes across 
the bundle diameter in the two coolant pass configuration. 
An interesting feature of the counter-currently coaled reactor is 
that unlike heat exchangers, the maximum coolant temperature is not 
always at the outlet of the system. This phenomenon occurs in three or 
more coolant pass reactors, when, under mild conditions, small tempera- 
ture peaks occur in the second pass, very little reaction occurring in 
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across the first pass due to heat loss to the reactants. The resulting 
maxims shell-side temperature is then at the exit of coolant pass 2 
and not 1. 
6.3 The Effect of the Configuration on the Position of the Tubeside 
Temperature Hotspot 
The position of the tubeside temperature peaks for each tube are 
shown in figures 6.7,6.8 and 6.9, for different configurations and 
operating conditions. The outstanding difference between these plots 
and those shown in chapter five for the co-current system is the 
absence of temperature peaks in the later sections of the reactor tubes. 
This situation arises because of the low coolant temperatures and low 
reactant concentrations in these regions. Overall, the conclusions of 
the co-current system apply here, increasing the coolant flowrate or 
decreasing the reactant inlet temperature moves the tubeside temperature 
peaks towards the reactant outlet. However, in this case the absence 
of the feed forward of heat in the coolant does not allow the production 
of the multiple tubeside temperature peaks evident in the co-currently 
cooled system. In all the configurations considered the variation in 
the position of the tubeside temperature peaks is much less than in the 
case of the co-currant reactor. This is due to the increased coolant 
temperatures around the main reaction zone, and in the cases where the 
hotspot is in the same position across the entire tube bundle it is 
probable that temperature runaway has occurred. The variation in the 
coolant temperature across the bundle will then have little effect on 
the reaction inside the tube, mass transfer considerations will form the 
rate limiting step under these conditions. This indicates the need for 
higher coolant velocities when running a reactor counter-currently 
rather than co-currently. 
The prediction of the tube containing the maximum temperature peak 
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is, as in the case of the co-current system, not possible in the present 
state of knowledge. However, it is known that this tube will be 
either tube 1 or 50, and using the technique developed in chapter five 
it is possible to give an estimate of which tube it will be for a given 
configuration. Unfortunately, there is no guarantee that this estimate 
will be correct. Table 6.6 shows the position of the tube containing 
the maximum tubeside temperature peak for different numbers of coolant 
passes based on the operating parameters used in figures 6.2 and 6.3. 
TABLE 6.6 
The'Position of the Maximum Tubeside Temperature Peak in Counter- 
Current Reactors. 
TUBE IN WHICH MAXIMUM PEAK OCCURS 
No. of Coolant Passes CONSTANT MASS FLOW CONSTANT VELOCITY 
CASE CASE 
2 1 1 
3 50 50 
4 50 50 
5 1 1 
6 5a 50 
In chapter five it was shown that for co-current reactors it is often 
true that the tube containing the maximum temperature peak is the tube 
at the outlet of the coolant pass containing the tubeside hotspots. 
The difficulty in using this information, 
.2 
priori, is that there is no 
way of knowing accurately the position of the hotspot without solving 
the reactor heat and mass balances. Figure 6.10 uses the data of 
figure 6.2 to test the above procedure in the case of the counter- 
current reactor. Comparing the results with the true positions of the 
maximum tubeside temperature peak given in table 6.6, the procedure 
124 
ti1 
i 
i a. 
b. 
d. 
C. 
'"""""'" Approximate position of the 
tubeside hotspot 
C. 
Figure 6.10 Schematic diagram used in the prediction of the tube 
containing the maximum tubeside temperature in counter- 
current reactors. 
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fails in the case of the three pass system, figure 6.10(b). It would 
be expected, using the above, that tube 1 would contain the maximum 
Kotspot, but actually it is tube 50. This behaviour is caused by the 
heating/cooling effect of the coolant in the first coolant pass. The 
reactant gases leaving tube 1 pass 1 are cooler than those leaving 
tube 50 pass 1, and, even though the coolant temperature around tube 1 
pass 2 is higher than that around tube 50 pass 2, the latter tube con- 
tains the higher temperature peak. Hence, as in the co-curzent system 
there is no general pale which gives the position of the tube containing 
the most severe reaction conditions. Clearly, in monitoring the per- 
formance of such systems measurements must be taken at both extremities 
of the bundle diameter. 
6.4 The Variation of the Overall Heat Transfer Coefficient 
The effect of varying the heat transfer coefficient is important 
because of the difficulty of accurately measuring the heat transfer 
coefficients in the system. Using the common correlations, errors of 
up to 25% can be introduced into the estimation of certain parameters, 
so it is therefore useful to examine how the predicted system performance 
is affected by such uncertainty. Figure 6.11 gives the tubeside 
temperature profiles for a four coolant pass reactor with different 
values of the wall Nusselt number. 
As in the co-currently cooled configuration, decreasing the inside 
heat transfer coefficient increases the temperature of the tubeside 
fluids. Two mechanisms are important here; first, the lower heat 
transfer coefficient means that less heat is given to the coolant, and 
second, because the temperature of the reactants is higher, the reaction 
rate is increased, producing more heat. The coolant temperature rises 
for the three cases shown, Nuw = 14.6,10.0 and 5.0 are 12.3 K, 12.9 K 
and 13.4 K respectively. Thus, instead of decreasing the amount of heat 
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given to the coolant, a low heat transfer coefficient causes more reaction 
on the tubeside and consequently, more heat is evolved and given to the 
coolant than with a high coefficient. 
6.5 The Maldistribution of Reactant Feed to the Tubes 
As indicated in chapter five, the maldietribution of the feed 
amongst the tubes in a large tube bundle is a common problem and can 
have significant effects, not only on the affected tubes, but also, 
because of the interactive nature of the bundle to coolant heat transfer, 
on other tubes having the correct flowrate of reactants. 
Investigation has shown that the effects of maldistribution 
affecting only one or two tubes in the bundle cannot be seen in the 
overall performance of the system. For instance, if the flowrate in 
one tube is 20% less than in all the other tubes, there will be no 
observable change in the coolant temperature rise even though the tube- 
side temperature in that particular tube is increased substantially. 
Thus, because there is no change in the coolant temperatura the rest of 
the tubes in the bundle are not affected. 
However, as with the co-current case, changes in the reactant 
flowrates to groups of tubes in the bundle can have significant effects 
on the overall performance. Figures 6.12(a), (b), (c) and (d) show the 
influence of flowrate changes of +10% and ±20'% in ten tubes at either 
end of the bundle diameter. That is, of the fifty tubes across the 
diameter, twenty (ten at either end) are subjected to a different flow- 
rate from the rest. As a reference, figure 6.13 shows the same four 
coolant pass, counter-current reactor, with its reactant flowrates 
being equal in every tube. Table 6. '1 shows the overall coolant tempera- 
ture rises and the conversions obtained in tube 25 for all the above 
cases. 
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0.05 
0.045 
6.04 
0.035 
0 0.2 0.4 0.6 0.8 1.0 
z +- 
Figure 6.13 The tubeside temperature profiles for a, four coolant pass, 
counter-current reactor, used as a reference in the work 
on feed maldistribution. Coolant velocity, uc = 0.25 M/sec- (Non-specified data as table 3.1) 
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TABLE 6.7 
Variation of Reactant Flowrate to 10 Tubes Either End of the Tube Bundle 
Coolant Velocity Uc = 0.25 m/sec 
% Change in 
flowrate 
AT 
c 
(OK) % difference of 
AT compared to 
reference 
Conversion in 
Tube 25 
NONE 12.3 - 90.0 
-10 % 13.0 5.7 % 90.25 / 
-20 / 13.5 9.8 % 90.25 
+10 % 11.4 -7.3 % 89.4 % 
+20 % 10.4 -15.4 / 88.7 % 
Referring both to the tubeside temperature profiles of figure 
6.12 and table 6.7, it is apparent that increasing the flowrate in the 
outer tubes by 2O% decreases the coolant temperature rise by approximately 
2K and decreases the conversion, not only in the tubes subject to a low 
flowrate (where, for example, tube 1 suffers a drop in conversion from 
89.6 % to 78.3 %), but also in, say tube 25, where the conversion is 
down by over 15/6. Hence, when studying the effects of maldistribution 
of the feed to the tubes it is essential that the interaction of the 
tubes iri the bundle be taken into account, since the effects of flowrate 
changes in one tube are carried, via the heat transferred by the coolant, 
throughout the system, and can significantly affect the performance of 
others. 
In the example shown here, an interesting result is obtained when 
the flowrate in the extreme tubes is decreased. Referring to table 
6.7, it can be seen that although a greater coolant temperature rise 
is obtained for the case with the flowrate decreased by 2O% than that 
decreased by 1O%, the conversions at tube 25 are the came in both cases. 
This result can be explained by looking at the positions of the main 
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reaction zones. In the tubes containing lowered flowrates the tempera- 
ture peak (and hence main reaction zone) occurs in the first coolant 
pass, while for normal. tubes it occurs in the second pass. Vence, 
in normal tubes, e. g. tube 25, the coolant temperature around the main 
reaction zone is approximately the same as in the reference case. The 
increase in the coolant temperature is confined mainly to the first 
coolant pass and hence does not seriously affect the reaction in the 
other tubes in the bundle. 
Thus, the overall performance of counter-current reactors is not 
significantly affected by decreases in the reactant flowrates to the 
tubes, provided that the tubeside temperature hotspots are in the first 
coolant pass, and the hotspots of unaffected tubes are in the second or 
subsequent coolant passes. 
In large tube bundles, it is therefore useful to know the effects 
of maldistribution and by using the above procedures it is possible to 
simulate how the production rate of a given unit will be affected by, say, 
coking of the hottest tubes. Strategies for the optimization of cata- 
lyst renewal can then be studied enabling the downtime of a given system 
to be reduced. 
6.6 Multiple Steady States 
The existence of multiple coolant steady states in the counter- 
current, heterogeneous reactors under study has been demonstrated by 
Adderley(41), who showed that multiple solutions occurred in a four 
coolant pass reactor when the coolant was allowed to heat up appreciably 
at-low coolant flowrates. It should be noted that this multiplicity is 
due solely to the feedback of heat by the coolant and not to multi- 
plicity of the catalyst pellet solutions. This is most easily demon- 
strated by referring to the analysis of the reactor considered in 
chapter three, where figure 3.5 shows the tubeside reactor trajectories 
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on aT vs. B phase plot for the same reactant inlet values used here. 
The trajectories lie well to the left of the non-unique region and so 
the reactor will never be subjected to multiple steady states in the 
catalyst pellet. Figures 6.14,6.15 and 6.16 show coolant inlet 
temperature plotted against outlet temperature for various values of the 
parameter GG (where GG = GO/Go reference' 
c 
reference = 
98.25), under 
two, four and six coolant pass configurations. In all cases, as the 
value of GG is decreased a region develops where the coolant outlet 
temperature becomes very sensitive to the inlet value. A further 
decrease of GG leads to multiple steady states. For a given system, 
decreasing GG represents a decrease in the coolant mass flowrate or 
velocity across the tube bundle. 
Figure 6.17 represents a schematic diagram of a plot of coolant 
inlet versus cutlet temperature for a value of GG where multiple steady 
states are possible. The region of multiple steady states is bounded 
by an upper and a lower value of the coolant inlet temperature. Below 
coolant inlet temperature Tc , multiple steady states do not occur 1 
because here the coolant temperature is so low that no significant 
heating of the coolant occurs; the coolant temperature is co low that 
heat removal, by the coolant, dominates throughout the bed preventing any 
reaction taking place. Coolant temperaturea above Tc give only one 
2 
steady state, the temperature is high enough to cause high heat generation 
by reaction and so heat generation is at its naximum. If the coolant 
inlet temperature is slowly raised from a value below the multiple 
steady states region, at a constant value of GG, say point A in figure 
6.17, then the coolant outlet temperature also increases and follows the 
curve AB. Raising the coolant inlet temperature above Tc will cause 
2 
the outlet value to jump from Tc to Tc , further increases in the 
46 
inlet temperature will cause the system to follow the curie D-E. 
Slowly lowering the inlet temperature from say, point E, will cause the 
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Figure 6.14 Inlet versus outlet coolant temperatures for a two coolant 
pans counter-current reactor. (Non-specified data as 
table 3.1) 
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Figure 6.15 Inlet versus outlet coolant temperatures for a four coolant 
pass counter-current reactor. (lion-specified data as 
table 3.1) 
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Figure 6.16 Inlet versur3 outlet coolant temperatures for a six coolant 
pass counter-current reactor. (Non-spocified data as 
table 3.1) 
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outlet coolant temperature to fall following the curve E-C. Then at 
point C, a further reduction from Tc will cause the outlet temperaturo 
1 
to jump from Tc to Tc and then follow the curve A-G. This hysteresis 
53 
effect, caused by the multiple solutions, makes it very undesirable to 
operate in these regions as severe changes in the system performance can 
occur for some perturbations in the coolant inlet temperature. 
Figure 6.18 shows a plot which should help in describing the non- 
unique region in the coolant heat balance. This semi-logarithmic plot 
of the coolant inlet temperature maxima and minima (T and T of figure c2 cý 
6.17) versus the parameter GG gives an immediate visual indication of 
the relationship between the coolant flowrate (which is proportional to 
GG) and the coolant inlet temperature. The three configurati,.. is of 
figures 6.14,6.15 and 6.16 are compared in figure 6.18, the non-unique 
region of the two pass system being much smaller than that of the four 
or six pass configurations. This demonstrates that the feedback effect 
of the two pass reactor is less than those containing a greater number 
of coolant passes. For the four coolant pass system, coolant tempera- 
tures below T 
0. = 
0.0365 (469 K), coupled with coolant flowrates below 
. in 
GO = 1.4 (GC = 141.5), may result in multiple steady states in the Coolant 
when the data of table 3.1 is used. 
Variation of the inlet reactant temperature is shown for a two 
coolant pass system in figure 6.19 and four pass system in figure 6.20. 
In both cases, decreasing the reactant temperature increases the size 
of the non-unique region, moving it both to the right and upwards, 
encompassing both higher coolant flowrates and higher coolant inlet 
temperatures. This behaviour is due to the fact that higher coolant 
temperatures can be tolerated and indeed are necessary to cause reaction 
on the tubeside. 
Increasing the length of the reactor tubes is demonstrated in 
figure 6.21, where tubes of 5 in, 8 in, and 12 in show that the non-unique 
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region is moved to the left and slightly down on the phase plot as the 
tubes get longer. The interpretation of this result is difficult owing 
to the dependence of the coolant flowrate and GG on the tube length. 
The Tc 
in 
versus GG plots, although showing the position of the non- 
unique region, give no real indication of the behaviour of the system or 
the temperature increases present therein. Figure 6.22 shows the plot 
of inlet versus outlet coolant temperature for GG = 2.0 from figure 6.15, 
together with a plot of the coolant temperature rise. In explaining 
the cause of the maxima and minima in the phase plot of AT0 vs T0, 
out 
refer to figure 6.22. Starting at point A, increasing the inlet coolant 
temperature decreases the overall coolant temperature rise, which 
follows the curve A-B. This behaviour is because the'coolant temperature 
is low enough to quench the reaction, and so heat removal is the dominant 
process causing the system to act as a simple heat exchanger. As the 
inlet coolant temperature increases the driving force for heat transfer 
to the coolant from the fluid decreases. Hence, the temperature rise 
in the coolant decreases. When point B is reached the coolant tempera- 
ture is high enough to cause the reaction to proceed faster, and the 
coolant begins to receive much larger amounts of reaction heat. The 
coolant inlet temperature increases still further causing the AT c 
versus Tc curve to follow B-C. This reactor exhibits parametric 
out 
sensitivity in the coolant temperature, a small increase in the inlet 
coolant temperature giving large increases in the outlet value. 
Therefore, there is a large gradient on the ATc vs T curve between tout 
B and C. 
When point C is reached, the coolant is at a temperature where 
complete reaction has occurred. That is, all of the reaction heat has 
been given to the coolant from the reactants. Increasing the inlet 
coolant temperature still further now merely means that the system is 
a heat exchanger. The coolant begins to give its heat to the reactant 
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fluid stream and so as the inlet coolant temperature is increased the 
overall temperature rise of the coolant decreases. Although the con- 
ditions used above are outside the region of non-unique solutions (see 
figure 6.18), the reactor is still prone to parametric sensitivity in 
the coolant temperature, and hence is unsuitable for normal operation. 
Increasing the coolant flowrate decreases this sensitivity and the 
corresponding curves for a more practical set of operating conditions 
are shown in figure 6.23 where GG = 5.0 and the plot of inlet versus 
outlet coolant temperature does not exhibit parametric sensitivity. 
Figures 6.24,6.25 and 6.26 show plots of the coolant temperature rise 
versus the inlet coolant temperature for various values of the mass 
flowrate for two, four and six coolant pass reactor configurations. 
The lower the value of GG (that is the lower the coolant flowrate) the 
greater is the parametric sensitivity of the system and hence the 
greater the slopes of the curves. Indeed, in regions of multiple 
solutions the curves double back on themselves. 
So far, only the effects within the coolant have been considered, 
no account being taken of the parametric sensitivity possible on the 
tubeside of the reactor with respect to the reactant temperature. 
Figures 6.27 and 6.28 show respectively plots of the maximum tubeside 
temperature in the reactor versus the inlet coolant temperature and the 
outlet fraction of reactant remaining in the tube with the maximum 
temperature versus the inlet coolant temperature. Both are shown for 
various values of GG. The existence of multiple steady states in the 
coolant is demonstrated at values of GG _ 1.0 and GG = 0.75, where the 
curves give multiple values at certain coolant temperatures. From the 
parametric sensitivity line on the T vs B phase plots proposed by 
McGreavy and Adderley(68) , an example of which is shown in 
figure 3.. 5, 
parametric sensitivity occurs on the tubeside of the reactor when the 
tubeside temperature reaches approximately T=0.046. From figure 6.27, 
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Figure 6.24 Coolant temperature rise versus inlet coolant temperature 
for a two coolant pans counter-current reactor at various 
values of coolant flowrate. (lion-specified data as table 
3.1) 
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Figure 6.25 Coolant temperature rime versus inlet coolant temperature for 
a four coolant pass counter-current reactor at vs. rioue values 
of coolant flowrate. (Non-epecified data as table 3.1) 
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Fig-are 6.26 Coolant temperature rise versus inlet coolant temperature for 
a nix coolant pass counter-current reactor at variouc values 
of coolant flowrato. (Non-specified data as table 3.1) 
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Figure 6.27 Naxixnim tubeside temperature versus the coolant inlet 
temperature for a four coolant pass counter-current 
reactor at various coolant flowrates. (Non-specified 
data as table 3.1) 
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Figure 6.28 Fraction of reactant remaining versus inlet coolant 
temperature for a four coolant pass counter-current 
reactor at various coolant flowrates. (Non-specified 
data as table 3.1) 
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this corresponds to an inlet coolant temperature of approximately 
Tc 
in 
= 0.0388 when a value of GO = 5.0 is considered. Lower values 
n 
of GG therefore require lower values of the inlet coolant temperature 
to keep the tubeside of the reactor out of regions which may lead to 
instability. In the GG = 1.0 case for instance, for a stable condition 
on the tubeside, the reactor is in a region of multiple steady states. 
If the reactor were operated at the value of the inlet coolant tempera- 
turd correaponding to a peak temperature of, say, T=0.04 on the 
tubeside (i. e. Tc 
i=0.035), 
then a small perturbation in the inlet 
in 
coolant temperature, say a reduction to Tc. = 0.0349 (a change of app- 
in 
roximately 1 K), the reaction on the tubeside is quenched if the system 
falls to the lower steady state, which it is likely to do since the 
intermediate states are meta-stable. 
These factors are important, since consideration of the Tc. 
in 
versus GG plots earlier could lead to the wrong conclusion that by 
operating outside of the non-uniq. zo region shown in, say, figure 6.18, it 
would be possible to avoid unstable conditions. However, when the 
stability of the tubeside is considered it is seen that operating above 
the upper arm of the non-unique region in figure 6.18 causes instability 
on the tubeside because of the high inlet coolant temperatures. 
Operating below the lower arm the reaction is quenched because the inlet 
coolant temperatures are too low. Furthermore, operation of the 
reactor closs. to the region of non-uniqueness, for example with GG = 2.0, 
can lead to parametric sensitivity in the coolant temperature which 
cannot be tolerated under normal operating conditions. A detailed 
study of the relationship between the tubeside stability and the coolant 
conditions will therefore be dealt with in chapter seven. 
6.7 Heat Generation and Removal in the Counter-Current Reactor 
Conoideration of the overall heat evolution and removal in tube 1 
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of a counter-current reactor is shown in figures 6.29 and 6.30, both 
being four coolant pass reactors under values of GG = 5.0 and GG = 1.0 
respectively. The high coolant flowrate reactor, with GG = 5.0, 
demonstrates that at low inlet coolant values the heat removed by the 
coolant is greater than that evolved by reaction. This means that the 
coolant temperature is too low for the reaction to be initiated and the 
system is effectively a heat exchanger. As the coolant temperature 
increases, so does the heat evolved and removed, the gradients of the 
curves becoming steeper. Finally, the heat evolved by reaction is 
greater than that removed, hence, the reaction has almost been completed 
and further increasesin the inlet coolant temperature have no effect on 
the heat generation, this has reached its maximum value. Since the 
reactor is now acting as a heat exchanger, increases in the coolant 
temperature decrease the amount of heat removal because of the decreasing 
driving force for heat transfer between the tube and the coolant. 
With a low coolant flowrate, see figure 6.30, the existence of 
multiple steady states distorts the shape of the heat generation and 
removal curves, causing them to fold back on themselves. Even so the 
trends indicated above are still present. Heat evolution tieing very 
low at low coolant temperatures and increasing rapidly as the inlet 
coolant temperature is increased, only to flatten off at high inlet 
values when the reaction goes to completion. The heat removal curve 
crosses the generation curve three times, and unlike the high flowrate 
case, there are three regions in which heat removal is greater than 
generation. The points of intersection of the curves represent operating 
conditions such that all the heat generated is removed by the coolant. 
When the heat removal curve lies above the heat generation curve the 
tubes-, de gases leave the system cooler than when they entered, when it 
lies below, they leave the system hotter. 
Figures 6.31(a), (b), (c) and (d) show the variations of heat 
153 
Ri 
C) 
0 
4-3 
9 
r-i 0 
O 
U 
.0 
rd 
O 
O LrIk 
O 
O 
0 
0 
LrI, 
O 
O 
M 
O 
0 
v 
F- 
aý 
ic 
0 
0 
ca 
N 
co 
a 
4, 
9 r4 0 
O 
U 
O 
4ý1 
ld 
rM 
0) 4) 
.0 r-f 
H 
o a 
0 vs 
Q)+3 
d 
U 'd 
Q) 
dw 
OU 
E3 v 
O P4 
-d 1: 
0 
0 
+' " 
tß 0 
N" 
a) t 
u 
4-8 
H0 
41 
0 
rn C 
w1 
W o0 op 
Co o--s---- (oas/! ') b 
154 
1000 
600 
U 
Oa 
col 
400 
0 
t Evolved 
t Removed by 
Lant 
0.03 0.035 T 0.04 
yin 
Figure 6.30 Overall heat generation and removal curves for 
tube 1 in a four coolant pass counter-current 
reactor. GG = 1.0. (Non-specified data as 
table 3.1) 
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r 
generation and removal with inlet coolant temperature for tube 1 in the 
separate coolant passen of the case shown in figure 6.29, the high coolant 
flowrate example. At low coolant inlet temperatures there is little 
reaction in any of the passes, though heat rewoval by the coolant is 
high in the first pass because there is a large heat transfer drLving 
force caused by the large temperature differences between the cold 
coolant and the inlet reactants. As the inlet coolant temperature is 
increased the heat generated in all passes increases, while heat removal 
decreases in coolant pass 1 and increases in subsequent passes. This 
decrease in the heat removal of coolant pass I is due to the increasing 
coolant temperature decreasing the driving force for heat transfer 
between the coolant and the tube. As the inlet coolant increases in 
temperature the heat generation is greatest in pass 1 until a point is 
reached where most reaction occurs in coolant pass 2, at this point the 
removal of heat from pass 2 is less than the generation of heat. 
Further increases in coolant temperature cause most of the reaction to 
occur in pass 1, until eventually virtually all the reaction occurs 
there. Finally, the heat generation and removal curves in all passes 
tend to flatten off as the system acts essentially as a heat exchanger. 
These heat generation/removal curves demonstrate the way that the 
second half of the reactor acts as a coolant preheater, most of the 
reaction occurring in the early part of the bed. The results indicated 
here lead to the conclusion that the second half of the bed could be 
packed with an inert packing with little loss of conversion and a saving; 
in the capital cost of the system. Thus, for a given conversion a 
smaller size unit is possible if counter-current cooling is used. This 
study, based on co- and counter-current reactors of equal size should 
therefore be treated with caution, and in comparing the systems, only 
general trends should be considered. This problem of comparison is 
considered further in chapter seven. 
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6.8 Conclusions 
Counter--current reactors cannot tolerate large coolant temperature 
rises, hence high coolant flowrates have to be used to reduce the coolant 
temperature in the regions of high reactant concentration. As in the 
co-current 3ystera considered in chapter five, three or four coolant 
passes give the best overall performance under the conditions used. 
Two coolant pass reactors gave a large spread of conversions across the 
bundle diameter unless very high coolant flou"rrates were used. 
Maldistribution of the reactants to the tubes has been shown to have 
significant effects, not only'on the affected tubes, but also on the 
'normal' tubes because of interactive heat transfer between the coolant 
and tube throughout the bundle. The use of multitubular models is 
therefore essential when investigating such effects. 
The phenomenon of multiple steady states in the coolant has been 
shown to be caused by the feedback of re= tion heat throughout the 
system. The dangers of operating in these rzgions have been indicated 
and a phase plot of inlet coolant temperature versus the parameter 
GG developed to enable such regions to be easily identified. 
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CHAPTER 7 
The Steady State Behaviour of Multitubular Reactors. 
3. Some Factors Affecting Stability 
7.1 Introduction 
The general operational characteristics of co- and counter-currently 
cooled multitubular reactors have been investigated in previous chapters. 
However, tho mechanism of the interactive heat transfer in the tube 
bundle, and its relation to the stability of the various configurations 
has only been touched upon. This chapter brings together many of the 
concepts already introduced and attempts to look at the question of the 
best configuration. Clearly, such a question must be qualified by the 
operating conditions, type of reaction and many other specific factors, 
but any general indications that may lead to an answer would be of con- 
siderable value. There is no published literature on the subject and 
industry seems to have no general rule as to recommendations for good 
practice in deciding on the best flow direction for the coolant. 
Indeed, it would appear that most designs for multitubular reactors 
assume that the system behaves in essentially the same way as a shell 
and tube heat exchanger. Thus, it is often assumed that a counter- 
current unit is preferable on the basis that the heat transfer will be 
much more efficient. This fails to take into account the fact that 
there is heat generation inside the tubes and that this is non-linearly 
dependent upon the shell-side temperature. In fact, it is not unknown 
for large reactors to be designed and built to run with counter-current 
cooling, only to find that the same unit when operated co-currently 
gives much better performance. Although there is probably no defini- 
tive answer to the above question, this chapter compares the operability 
of both co- and counter-current units of identical size. This leads to 
the suggestion that an alternative flow configuration might be introduced 
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which contains the advantages of both modes of operation. 
Although it io probably true that, from a heat transfer point of 
view, the counter-current reactor may be smaller than a co-current 
system for the same heat load, in this study it has been considered 
adequate to use the same tube bundle for both configurations, switching 
the inlet and outlet coolant ports where appropriate. Clearly this 
approach will not account for effects such as differing capital costs 
of various sizes of unit should ono type of configuration require 
smaller heat transfer areas. However, it is hoped that by stadying 
the operability of identically sized units, some light may be thrown on 
the question posed earlier. 
The control of fixed bed catalytic reactors is a subject which, 
compared to the above problems, has received an enormous amount of 
attention. This reflects the importance of being able to operate not 
only safely but also economically. riaking use of previously devised 
procedures, a method of representing the stability and achievable 
conversion of a multitubular reactor on phase plots of inlet temperature 
and the parameter GG (which is proportional to the coolant flowrate) 
can be developed. These plots may then be used for the evaluation of 
control policies for such systems in terms of easily obtainable external 
variables such as, coolant flowrate, inlet coolant temperature and inlet 
fluid temperature. 
7.2 Mechanisms of Heat Transfer in the Reactor BLndles 
Throughout chapters five and six, effects such as the existence of 
multiple tubecide temperature peaks have been observed, these being 
caused by the interaction between the tubeside heat generation and the 
shell-side heat transfer. It is particularly instructive at this point 
to consider the characteristics of this heat transfer through the bundle. 
160 
The first and obvious difference between the heat tranafer mechan- 
isms of the co- and counter-currently cooled reactors is that the former 
operates with a feedforward and tha latter a feedback of heat along the 
reactor tubes. Thus, co-current reactors have cold coolant affecting 
high reactant concentrations with pre-heated coolant causing reaction in 
the lean reactant regions towards the tubeside exit. Counter-current 
reactors on the other hard have pre-heated coolant affecting high reac- 
tant concentrations and cold coolant in the exit regions of the tubeside. 
Thus, the reaction is essentially restricted to the initial portions of 
the bed. Also, because of the higher coolant temperatures in the region 
of the tubeside hotspots, the counter-current reactor gives higher peak 
temperatures, and conversions, for any given conditions. However, 
because of the restricted region available for high reaction (since the 
reaction is very slow in regions of low concentration and coolant 
temperature) high conversion often results in temperature runaway, making 
the co-current system more attractive in many circumstances. This is 
discussed in detail in section 7.4 where a more formal comparison of the 
system is attempted. 
Examination of the interactive heat transfer in the tube bundle 
requires the reduction of the systems into simplified approximations, 
as shown for the co- and counter-current reactors in figures 7.1 and 
7.2 respectively. For illustration, a three coolant pass system is 
considered, the full lines representing extreme tubes in the bundle, 
while the coolant flow is shown as the dotted line. Consider first 
figure 7.1, the co-currently cooled reactor. The two main types of 
interaction are shown by the circled areas, A, representing feedforward 
of heat in one tube, and B, representing feedforward of heat from tube 
to tube. The first effect is responsible for the formation of multiple 
peaks in the tubeside temperature, cold coolant around tube 1 pass 1 
causes low rates of reaction and hence a relatively high concentration of 
161 
a 
A 
TUBE 1 
ME 50 
Figure 7.1 Schematic diagram for the heat distribution around a 
three coolant pass co-current reactor. 
A 
TUBE 1 
TUBE 50 
Figure 7.2 Schematic diagram for the heat distribution around a 
three coolant pass counter-current reactor. 
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reactant goes into the next coolant pass. The coolant is heated by the 
other tubes as it flows over the bundle and in pass 2, tube 1 has a high 
concentration and high coolant temperature and so the reaction becomes 
extremely fast and a temperature peak forms. If a relatively high 
concentration of reactant then leaves this pass, the same effect can be 
observed in subsequent passes. The feedforward of heat labelled B, 
represents the increasing coolant environment of the tubes across the 
bundle diameter. This causes the tubeside temperature peaks to vary 
in position as the bundle is traversed. Hence, in most cases, the temp- 
er? ture peaks are closer to the reactant inlet at the hot coolant end. 
of the pass containing the peaks, than the cool end. 
An indication of the interaction between tubes is given 'j the 
schematic representation of the heat transfer shown in fighte 7.1. 
The reactant to coolant heat transfer is shown by the full arrows, 
while the dotted arrows show coolant to reactant heat exchange. It can 
be seen that, in the first pass of the coolant, the inlet reactants are 
equal in temperature to the inlet coolant, but, as the coolant heats up 
across the bundle, it becomes hotter than the inlet reactants and so heat 
is given to them from the coolant. (Note that this is a simplified 
view. Only very close to the tube entrance would this happen, -az the 
heat generation would quickly increase the tubeside temperature and limit 
or stop this transfer of heat. Indeed, normally towards the end of the 
tube in pass I the heat will be given from the tubeside to the coolant 
and the net flow of heat over the whole pass will be in this direction. ) 
The above technique has been applied to the counter-current system 
in figure 7.2. Circled area A represents feedback of heat in each tube 
and B the feedback of heat around the bundle. The phenomenon of feed- 
back, shown by A, means that the early sections of the tube 'know' what 
has happened in the end sections. Thus, the tube length is a more 
important variable in the stability of such systems than for co-current 
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reactors, where, because of the feedforward effect, the early sections 
of the bed are independant of tube length. Feedback around the bundle, 
area B, indicates the effects caused by the accumulation of heat as the 
coolant flows across the bundle. The cold coolant enters the system 
in a region of low concentration and high tubeside temperature, it gains 
heat as it travels through the system, so that at the reactant inlet, 
hot coolant is in contact with high reactant concentrations. The coolant 
heats up the reactants in the early entry sections of the bed and so the 
reaction occurs much nearer the entrance than in the co-current reactor. 
Although a gross simplification, the above view of the transfer of 
heat around the reactors does help to demonstrate how some of the complex 
interactions in the tube bundle occur. Moreover, such an approach, if 
used with care, giving due allöwance to the simplifications made, can 
prove helpful not only in interpreting the results of reactor models but 
also in developing the most suitable approach to the problem of veri- 
fying the findings experimentally. 
1.3 Stability of Multitubular Reactors 
The stability of fixed bad catalytic reactors supporting highly 
exothermic reactions has received a considerable amount of attention 
in recent years. Unfortunately, most of the work has concentrated 
solely on the tubeside phenomena and hence the results obtained are 
only applicable to certain specific cases, usually where the coolant 
temperature is at a constant fixed value. In the large multitubular 
units used industrially, the coolant inlet temperature and coolant 
flowrate are important design variables, both having significant effects 
on the stability of the tubeside reaction. This section extends the 
use of the coolant inlet temperature versus GG phase plots introduced 
in chapter six and demonstrates how such diagrams, coupled with a 
suitable tubeside stability criterion, can be used. to design or control 
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multitubular fixed bed reactors. 
7.3.1 Counter-Currently Cooled Reactors 
A simple and effective method of determining the stability of a 
fixed bed reactor(68) has been used to compare multitubular and single 
tube representations of the tube bundle in chapter three. Applying 
this technique to the effects of variation of inlet coolant temperature 
on the stability of the tubeside gives plots like figure 7.3, which 
shows the maximum tubeside centre line temperatures versus thermal load 
factor for a four coolant pass counter-current reactor under three 
different inlet coolant temperatures. The coolant mass flowrate is 
kept constant (GG = 3.0) and all other data is shown in table 3.1. 
These cases demonstrate that too high a coolant temperature causes 
temperature runaway on the tubeside (the reactor trajectory has crossed 
the runaway line), while too low a coolant temperature quenches the 
reaction. With all the other system parameters constant, the coolant 
temperature that causes the reactor trajectory to just touch the runaway 
line is the best in terms of conversion while keeping the reactor stable. 
Varying the coolant mass flowrate, a set of these optimum coolant inlet 
temperatures can be obtained and figure 7.4 shows the locus of these 
stable coolant temperatures, plotted as the stability line, on the T °in 
versus GG charts introduced in chapter six. 
In defining an operating region attention must also be directed to 
the problem of too low a coolant inlet temperature. As before, varying 
the inlet coolant temperature and coolant mass flowrate for a given 
system, locii of coolant temperatures which give a specified conversion 
can'be obtained, figure 7.4 shows such a locus for coolant temperatures 
giving 40"/ conversion (the 409/6 conversion line). Other conversion 
requirements could be plotted but these have not boon included for the 
sake of clarity. Figure 7.4 now gives a region of operability for 
various coolant inlet temperatures and mass flowrates at given system 
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parameters. Inlet coolant temperatures above the stability line can 
cause tubeside runaway and operation below the 40% conversion line give 
conversions lower than this. 
In addition to these criteria, there is also the phenomena of 
multiple steady states and parametric sensitivity of the coolant tempera- 
ture to be considered before deciding upon operating conditions. The 
bounds on the non-unique region, defined in chapter six, axe shown in 
figure 7.4. However, the paramatric sensitivity region is more 
difficult to define. Figure 7.5 shows the coolant temperature rise 
versus the coolant inlet temperature for various GG values and the data 
used in figure 7.4. A simple, and effective method of excluding 
regions of parametric sensitivity is to limit the temperature rise 
allowed in the system, using figure 7.5 we therefore obtain a set of 
values of T versus GG which can be plotted on figure 7.4. Limiting c. in 
the temperature rise to ATc = 0.001 (approximately 13 K) gives the 
parametric sensitivity line shown in figure 7.4. The choice of temperature 
rise allowable is, at present, arbitrary, and will depend on various 
factors such as how tight a control or design is required, the type of. 
coolant etc. 
The operating region for the reactor is now defined fully in figure 
7.4. For a given system the operational variables of coolant inlet 
temperature and coolant flowrate (present in the parameter GG) should 
lie with the region bounded by the stability line, the 4O% conversion 
line (or any specified conversion line) and the parametric sensitivity 
line (defined by an arbitrary, given coolant temperature rise). 
The effect of a decrease in the major design variable, the inlet 
reactant temperature is shown in figure 7.6, the operating region being 
moved upwards, allowing higher inlet coolant temperatures to be used for 
any given value of GG. 
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3.3.2 Co-Currently Cooled Reactors 
The stable operating regime of a co-currently cooled reactor can 
be obtained in an analogous manner to that of the counter-current reactor 
given earlier. Figure 7.7 shows a phase plot of inlet coolant tempera- 
ture versus the parameter GG, containing the stability line, the 40% 
conversion line and the parametric sensitivity line. As for the 
counter-current system the stability line represents the locus of the 
conditions at the limit of temperature runaway as defined by the stability 
criteria of McGreavy and Adderley(68) . The 40% conversion line rep- 
resents the locus of conditions giving 40%o conversion in a co-current 
reactor. Other specified conversion lines could be plotted, but for 
0 
the sake of clarity these are omitted. 
Although co-current reactors do not exhibit multiple steady states 
in the coolant, they do show parametric sensitivity with respect to 
coolant temperature at low coolant flownrrates. This is demonstrated 
in figure 7.8 where, as the value of GG is reduced, a region develops 
in which small variations in inlet coolant temperature lead to large 
variations in coolant outlet temperature i. e. a region of parametric 
sensitivity. As in the counter-current case, representing this region 
is difficult, and so the same technique will be used here, namely the 
arbitrary choice of a maximum allowable coolant temperature rise. 
Unlike the counter-current reactor, quite large coolant temperature 
rises can be tolerated (provided the coolant does not decompose or cause 
corrosion under these conditions) because the hot coolant only affects 
parts of the reactor containing low reactant concentrations. Figure 
7.9 shows a plot of the overall coolant temperature rise versus the 
inlet coolant temperature under various values of GG, the remaining data 
being as used in figure 7.7. Allowing a coolant temperature rise of 
AT 
C=0.0025 
(approximately 30 K), values of inlet coolant temperature and 
parameter GG are obtained enabling the parametric sensitivity line of 
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Figure 7.8 Inlet vercus outlet coolant temperatures for a four coolant 
pass co-current reactor at various values of the coolant 
flowrate. (Non-specified data as table 3.1) 
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Figure 7.9 Coolant temperature rise versus inlet coolant temperature 
for a four coolant pass co-current reactor at various 
values of the coolant flowrate. 
0.03 0.035 0.04 0.04 
T ----+- °in 
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figure 7.7 to be drawn. 
The operating region for the reactor is now fully defined in figure 
7.7. For a given system, the operational variables of coolant inlet 
temperature and coolant flowrate (obtained from GG) should lie within 
the region bounded by, the stability line, the 40% conversion line (or 
any other specified conversion line) and the parametric sensitivity line 
(defined by an arbitrary, given overall coolant temperature rise). 
The effect of a decrease in the inlet reactant temperature is shown 
in figure 7.10, the stable operating region is, raised allowing higher 
inlet coolant temperatures to be used for any given value of GG. 
7.3.3 Use of the T, 
i 
versus GG Phase Plots 
n 
The phase plots showing regions of operability can be used both in 
the design and control of multitubular reactors. When designing 
systems of this complexity, there are several variables which need 
optimizing, the most important being the pumping costs, the conversion 
and the system energy input/loss. Fixing the inlet reactant tempera- 
ture, the phase plots shown in figures 7.4 and 7.7 can then be used to 
minimise the coolant flowrate (and hence pumping costs), whilst keeping 
both the conversion and stability of the system within acceptable limits. 
Indeed, because modern chemical plants are highly interactive by nature, 
the coolant, possibly transferring heat with another unit, may have its 
inlet value fixed. Then the above plots can be used to obtain the value 
of GG necessary for a given conversion under a given inlet reactant 
feed condition. 
Having designed the reactor a control scheme has to be implemented 
which enables the measurement and manipulation of externally available 
variables. Referring to the T cin versus 
GG plots of figures 7.4 and 
7.7, it can be seen that both the stability and conversion lines are 
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essentially linear in the region of operability. Equations of the 
form: 
T0 
in 
=a. Ln GG +b ý7.1ý 
can then be formulated for various values of reactant inlet temperature. 
Thus, by measurement of the inlet reactant and coolant temperatures, 
plus the coolant flowrate, the conversion and stability of the unit can 
be calculated from equation (7.1). 
As an illustrative example, take for instance a co-current reactor 
0 
which is designed for 80% conversion of reactants at given inlet reactant 
and coolant temperatures of, say To = 0.03884 and T0 
in 
= 0.03854 
respectively, with a coolant flowrate giving a value GG = 2.0. The 
control system has the ability to measure the values of the three 
variables and for each possible value of inlet reactant temperature 
there are equations of the form of equation (7.1) representing the 80% 
conversion line and the stability line of the reactor in question. If, 
during operation, the value of the inlet reactant temperature changes 
from To = 0.03884 to a new value, say To = 0.0381, then the conversion 
of the reactor may no longer be 80%. Selecting the stability line for 
the new temperature, the stability of the system can be ascertained, as 
can the conversion, which is, from a conversion line equation found to be 
approximately 65%. By cross-plotting the conversion line for varying 
conversions against inlet coolant temperature and GG, equations for the 
conversion at differing inlet reactant temperatures can be obtained 
which depend on Tc 
in 
and GG. Thus, for any given system inlet 
parameters both the stability and conversion of the reactor can be 
quickly calculated using easily measured external variables. 
The application of control action to bring the conversion of the 
system back to the desired value can be achieved in several ways, 
depending upon the choice of the manipulative control variable. This 
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variable can be the inlet reactant temperature, and bringing the 
temperature back to To = 0.03884 in the above example would return the 
conversion to the desired value of 80"/0. However, it is not really 
feasible to manipulate temperatures, because the large heat capacitance 
of the system means that instantaneous temperature response is very 
difficult to achieve. Anyway, care must be taken in using the 
temperatures to control fixed bed reactor systems, as there is the 
possibility that these can lead to temperature runaway under certain 
transient conditions. Several workers(15,35,41) have shown that 
reducing the inlet reactant temperature can cause increased temperature 
peaks on the tubeside of the reactor during the initial transient 
response, similar effects are shown in chapter eight, when the coolant 
inlet temperature is decreased in co-currently cooled reactors. 
After consideration of the impracticality of using the temperatures 
as control variables it might be thought that the coolant flowrate 
(the parameter GG) could be used instead. Unfortunately, as shown in 
figures 7.4 and 7.7, under the conditions used, in the operating range 
the stability and conversion lines are not very sensitive to the para- 
meter GG. Indeed, at high values of GG these lines become horizontal. 
hence, although it would have resulted in a simple control scheme, the 
coolant flowrate cannot be used as the manipulative variable. 
Clearly, in practical systems there are a large number of variables 
that should be considered in the control scheme. Many, such as 
variation of the tubeside flowrate, have not been included in the above 
discussion, not because they are not important, but because the number 
of permutations in a generalized survey is much too large. When 
developing a control scheme based on the above method, these other 
parameters are easily included in the system models. For instance, 
a set of stability lines corresponding to variations in tubeside flow- 
rate could be built up and used in the same way as a set of lines 
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corresponding to variations in the inlet tubeside temperature. 
Consideration of the tubeside flowrate as the manipulative control 
variable leads to some surprising conclusions. For example, if a 
reactor goes unstable, does the controller increase or decrease the 
reactant flowrate. If it is decreased then it might be argued that less 
reactant is being given to the system per unit time and hence the heat 
generation should decrease and the reactor become more stable. However, 
decreasing the flowrate, decreases the reactant fluid velocity and so 
not only does the residence time of the reactants increase causing 
greater reaction, but the heat transfer coefficients at the wall and 
pellet surface decrease resulting in less heat removal. Hence, it is 
possible that this control action actually causes the reactor to become 
more unstable. Of course, in the limit, a zero flowrate would result 
in no reaction, but as this would stop the production process it can 
only be used as an emergency procedure not for routine control. 
Moreover, even if the flowrate is reduced to zero, this cannot be 
achieved instantly and dangerous transient conditions may arise from 
using the flowrate in this way. 
Increasing the reactant flowrate, although apparently giving more 
potential energy to the system in the form of more reactant per unit 
time, can result in more stable operation. This is because of the 
decreased residence time of the reactants and the improved heat removal 
produced by the increased wall and pellet heat transfer coefficients. 
The above hypothetical arguments have to some extent been demon- 
strated in chapters five and six where reactant flowrate variations 
were applied to selected tubes. Clearly, the results of such variations 
are not intuitively obvious and, although they will not be considered 
in this study, deserve further investigation before being applied to any 
control mechanisms. 
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74 Alternative Flow Configurations 
The comparison of alternative configurations of multitubular 
reactors is very difficult, mainly because of the variety of different 
bases aarailable for it. This study confines attention to the comparison 
of the operability a given, fixed size reactor unit. The various 
configurations are realised by different positioning of the inlet and 
outlet ports, together with any associated movement of the baffle plates. 
From what has been learned so far, it is useful to consider an 
alternative configuration, containing the merits of both the co- and 
counter-current systems. This reactor, shown in figure 7.11, requires 
no complex shell-side modifications and is achieved simply by rearranging 
the inlet and outlet ports as above, having the coolant entering at pass 
2 and leaving at passes 1 and 4. Thus both co- and counter-current 
coolant flows are present simultaneously. The counter-current stream 
is heated by coolant pass 2 before entering pass 1 so that the incoming 
reactant is contacted by warm coolant, since the flowpath is not as 
long as in a conventional counter-current reactor, the coolant is not 
heated as much and so the very large temperature peaks of these reactors 
can be avoided. The co-current stream is also heated and causes reaction 
in the lower concentration regions of the bed. Clearly then, this 
system contains the advantages of both the co- and counter-current 
systems, namely that the incoming reactants are contacted by warm coolant 
so that the reaction takes place early in the bed, and any reactants 
left in the latter half of the reactor are also contacted with warm 
coolant causing reaction here too. Therefore, compared to the co- 
current system the reaction starts earlier in the bed and compared to 
the counter-current reactor the temperature hotspots are not so severe 
because the coolant is not heated to the same extent in the counter- 
current direction. In effect this mixed-flow configuration contacts 
the coldest coolant in the position it is most required, at the tubeside 
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Figure 7.11 Schematic diagram of the mixed flow reactor. 
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hotspot. Other methods of increasing the heat transfer in the region 
of the hotspot have been tried. Paris and Stevens(55) devised a 
complex shell-side arrangement for a single tube reactor and several 
workers(46' 
48' 49) have considered using various sized packings or 
inert spheres at different points in the tubes. These methods, while 
successful, are often difficult to apply industrially, the mixed-flow 
reactor, which can be used on existing tube bundles with very little 
structural change, overcomes this problem and has greater flexibility. 
To see the inherent advantages of the proposed system, a comparison 
of three configurations will be made assuming that the same mass flow- 
rate of coolant enters each reactor. This is equivalent to connecting 
the units to the same constant flowrate pump. The units are all of the 
same size, the only difference being the direction of flow of the 
coolant. This means that although the residence time of the coolant 
is the same in the co- and counter-current reactors, it will be smaller 
in the mixed flow configuration. By suitably positioning valves in the 
coolant circuit several different flow variations can be visualized for 
the latter system. Thus, three different flow patterns will be used 
in the comparison: 
type 1-- the coolant flow from pass 2 flows counter-currently into pass 1 
type 2-§ the coolant flow from pass 2 flows counter-currently into pass 1 
type 3-4 the coolant flow from pass 2 flows counter-currently into pass 1 
The flowrate through coolant pass 2 is always the same as in the 
co- and counter-current cases. 
The tubeside temperature profiles of tube 1 for the three types of 
mixed flow system, together with the profiles for the co- and counter- 
current reactors, are given in figure 7.12 for a value of GG = 4.0, the 
remaining data being from table 3.1. The lowest, and most stable, 
temperature profile is obtained from the co-current reactor, with the 
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largest temperature peak being given by the counter-current. The 
three mixed flow profiles are intermediate to these with the type 3 
giving the lowest profile. Figure 7.13 gives the T versus B stability 
plots of the co-current, counter-current and type 3 mixed flow systems 
at GG = 4.0, this being the limit of stability of the latter. Table 
7.1 shows the coolant temperature rises and conversions for the above 
configurations under varying values of GG. To compare performance it 
is sufficient to look at the conversions of each configuration at the 
limit of stability, so as to compare the best possible conversions. 
Using the stability plots of section 7.3, and noting that the inlet 
reactant and coolant temperatures are equal, the limit of stability of 
the counter-current is seen to be GG = 5.0 and the co-current GG = 2.0. 
TABLE 7.1 
Comparison of Co-Current, Counter-Current and Mixed Flow Systems 
FRACTIONAL CONVERSION 
tT AT 
c1 c2 
counter- co-current 
current temp rise 
°K 
CONFIGURATION temp rise °K TUBE 1 TOE 50 
GG--5.0 Co-Current 10.7 83.2 % 82.5 
Counter-Current 12.2 89.5 % 90.3 50 
Mixed= Flow 
type 1 9.4 13.7 87.3 / 86.8 
type 2 8.6 17.5 87.2 % 86.9 
type 3 8.2 21.2 87.6 % 87.0 
GG=4.0 Co-Current 13.25 83.8 % 83.4 
Counter-Current 15.7 92.0 % 92.7 
Mixed-Flow 
type 1 12.9 16.9 90.3 % 89.6 % 
type 2 11.9 21.2 90.1 % 89.8 % 
type 3 11.5 25.1 90.4 % 89.9 % 
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GG=3.0 Co-Current 17.8 86.1 % 84.9 % 
Counter-Current 21.7 95.1 % 95.5 
Mixed Plow 
type 1 16.6 22.1 93.0 % 92.4 
type 2 14.9 26.9 92.5 % 92.4 % 
type 3 14.2 31.4 92.7 % 92.45 
GG--2.0 Co-Current 27.2 90.0 % 89.2 
Counter-Current 33.6 97.9 % 97.8 
Mixed Flow 
type 1 32.0 29.1 97.8 9ö 97.1 
type 2 28.1 33.2 97.5 % 97.1 % 
type 3 26.9 36.6 97.4 % 97.1 % 
Thus, from table 7.1, at the limit of tubeside stability the con- 
versions for all the systems are approximately the same. The coolant 
temperature rise is much higher in the co-current reactor, being over 
twice the value of the counter-current system. However, the coolant 
flowrate is much lower, and hence the pumping costs, to give the same 
conversion, are much higher in a counter- than a co-current system. 
The largest coolant temperature rise of the type 3 mixed flow reactor 
(see table 7.1) with GG = 4.0, is only slightly less than that of the 
co-current reactor, being 25.1 K as opposed to 27.2 K. 
For the conditions used here, therefore, the co-current reactor, 
with its low coolant flowrate (low value of GG) exhibits the best 
characteristic behaviour of all the configurations considered. However, 
if the. high coolant temperature rises (up to 30 K) cannot be tolerated 
in the coolant then the counter-current or mixed flow system could be 
used, the former giving the smallest coolant temperature rise. The 
main advantage of the mixed flow system is that, with coolant flowrates 
lower than those for the counter-current system, conversions of comparable 
magnitule can be obtained, which, though they result in higher coolant 
186 
temperature rises, these are still less than those in co-current systems. 
Thus, the above configurations can be used in the following 
circumstances when giving conversions close to the limits of stability: 
1. Co-current reactor: preferable when pumping costs are high and the 
coolant can withstand relatively high temperature rises (say up to 
30 K). 
2. Counter-current reactor: essential when the coolant is very 
temperature sensitive. 
3. Mixed flow reactor: can be used when the conflicting requirements 
of low pumping costs and low coolant temperature rises (say up to 
20 K) are needed. 
A more qualitative advantage of the configurations with co-currently 
flowing coolant is that the reaction is spread along the reactor length. 
Counter-current systems tend to cause most of the reaction in the initial 
stages of the bed causing one large temperature hotspot in the tubes. 
The more shallow peak of co-current reactors means that the catalyst bed 
gets a more even thermal load and so should age much more slowly. A 
factor often ignored in the initial stages of reactor design. 
7.5 Conclusions 
A convenient and simple method of plotting regions of-operability 
has been developed for both co- and counter-current reactor systems. 
The method, suitable for either design on control studies enables the 
conversion and stability of a multitubular reactor to be established from 
easily obtainable variables, namely the inlet reactant and coolant 
temperatures and the coolant flowrate (used as the parameter GG). 
A comparison of co- and counter-currently cooled reactors leads 
to the conclusion that, for equally sized systems, the co-current 
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reactor is recommended provided large coolant temperature rises can be 
tolerated-on the shell-side. If not then the counter-current system 
with its small coolant temperature rises and higher pumping costs can 
be used to produce the same reactant conversions. An alternative 
configuration, the mixed flow reactor, has been suggested which tends 
to result in conditions intermediate to the co- and counter-current 
reactors. The pumping costs and coolant temperature rises in this 
case make it useful when a compromise between the need for low energy 
costs conflict with the need for low coolant temperature rises. 
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CHAPTER 8 
The Dynamic Behaviour of Nultitubular Reactors 
8.1 Introduction 
The essential requirements of any model are that it should provide 
an adequate description of the system with the minimum of computational 
effort needed in its solution. This is especially true for a dynamic 
model of a fixed bed reactor where usually, the equivalent of a steady 
state solution must be generated many times in order to describe the 
reactor behaviour over a period of time. Several workers(15,35,39, 
419 49) have studied the problem of representing packed bed reactor 
dynamics, but in all cases they have ignored the dynamics of the shell- 
side of the system. The usual assumption is that the coolant tempera- 
ture around the tubes remains constant for all time, and a single tube 
is taken as being representative of the reactor. While this may be 
true under certain conditions, as has been shown in earlier chapters it 
is not generally true in large industrial units, especially when variations 
occur in the coolant inlet variables. This chapter develops dynamic 
models for both co- and counter-currently cooled systems and uses them 
specifically to investigate the importance of the coolant heat balance 
during transient operation. 
8.2 Co-Current Cooling 
8.2.1 Formulation of the Equations 
Using the nomenclature and mixing cell arrangement of the steady 
state model shown in Appendix E, a heat balance over cell i gives: 
zand 
Cpcý 
(i-1) 
+4 Tr RU(TI 
y_R - 
%j ) dz C 
pc 
TC 
.+m 
Cpc dT0 
. 
(8.1) 
z1 d 
which in dimensionless form becomes: 
189 
*z dT =T-T+ Nu 
2(T-T) dz (g. 2) 01 c(i-1) ei 
GW 
ci 
d't c z1 
where T is functionally related to T cýiý 
Thus, for a bundle of N tubes across the diameter there are N 
equations of the form of equation (8.2) coupled with the dynamic tubeside 
model of Appendix B. The solution of the co-current dynamic reactor is- 
detailed in Appendix H, equation (8.2), which can be solved by any of the 
usual initial value problem methods, being evaluated by the Runge-Kutta- 
Merson routine. The initial value is obtained by setting the 
derivative terms in equation (8.2) and the tubeside equations to zero 
and calculating the corresponding steady state values. 
In addition to the flow across the tube bundle given above, a 
transient reactor model must account for the time the coolant spends 
in moving from one coolant pass to the next. Thus, considering the 
turnround portion of the coolant circuit to be a perfectly mixed tank, 
the following expression can be obtained to represent the time delay 
introduced: 
dT 
c2 =1(T c2 -T c1 
) (8.3) 
dt 
8R 
where T Cl 
is the coolant temperature leaving a coolant pass and T c2 
is 
the coolant temperature entering the next. OR is the residence time of 
the coolant in the turnround area between passes. 
The transient response of a four coolant pass multitubular reactor 
to a step decrease of 10 K in the inlet coolant temperature is shown in 
figures 8.1 and 8.2. The data used corresponds to a coolant velocity 
of 0.25 m/sec together with that tabulated in table 3.1. Since the 
profiles shown take approximately 450 seconds on a CDC 7600 computer for 
every 100 seconds of actual reactor response, it is clearly difficult and 
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expensive to carry out an extensive survey of operating conditions using 
the model presented here. It will therefore be instructive to consider 
ways of reducing the amount of computation necessary to solve the 
equations before investigating the system performance. 
First, the approximation used in the steady state mixing cell model 
of chapter four can be applied. This assumes that the heat evolved 
from a tube is approximately constant over a group of tubes. Equation 
(8.2) then becomes: 
2 
dTc. =T c -T + 
(N+1) Nw 
ý 
(T- T)dz (8.4) 
(i-1) ciG 
drc zI 
where N is an integer denoting the number of mixing cells coupled 
together. In the steady state, a value of 11 = 24 can be tolerated at 
the coolant velocities used here. But, as figure 8.3 shows, for the 
same perturbation used in figure 8.1, even a value of N=6 causes the 
transient response of this approximate model to differ significantly 
from that predicted by the detailed model. Hence, although the com- 
putation time is reduced by a factor of five, the results are not 
accurate enough to allow this approximation to be used. 
A second approach is shown in figure 8.4. Here the working 
assumption is that the transient terra in equation (8.2) is negligible 
compared to the transient term of the tubeside. The transient behaviour 
is therefore driven by the tubeside effects, while the coolant goes 
through a series of pseudo-steady states. Comparison of figure 8.4 
and the profiles from the detailed model of figure 8.1 demonstrates 
that this simplification is not acceptable. ' The transient term in the 
coolant equations has a significant effect on the system performance and 
must be included in the overall heat balance. Indeed this is the basic 
reason why previous studies are unsatisfactory. 
The above results mean that the representation of the coolant heat 
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balance, equation (8.2), cannot be adequately approximated, and so the 
following study of the transient behaviour of a co-current multitubular 
reactor will use the detailed mixing cell model. The large computation 
times necessary must therefore be accepted in order to ensure an adequate 
representation of the system. 
One of the, assumptions implicit in the derivation of the coolant heat ba- 
Lance based on equation (8.2) is that the heat capacity of the coolant, 
together with that of the catalyst pellets, form the only important heat 
capacitances in the system. This has been shown to be true for single 
tube reactors(41), where the heat capacity of the tube wall is negligible 
compared to that of the catalyst packing. However, in the system under 
consideration here, the fittings in the reactor, the shell, the baffle 
plates, tie rods etc., constitute a large but ill-defined heat capacity. 
Consequently, it can only be allowed for approximately, although this is 
only adequate for identifying the essential characteristics of the 
system. Bearing this in mind, consider the following approximation. 
Let equation (8.2) be rewritten as: 
z2 
dT =X fTc( -T+ Nu, (T-T) dz (8.5) ci i -1) Ci Gw ci 
dý c zi 
where X is a term (between 0 and 1.0), which can be used to slow down the 
transient response, in the same way as an additional heat capacitance. 
X=0 represents a situation where the extra heat capacity is so large 
that it stops all changes in the values of Tc., and X=1.0 results in 
i 
equation (8.2), which corresponds to no additional heat capacity in the 
system. 
A value of X=0.5, where the heat capacity of the fittings is of 
the same order of magnitude as that of the coolant is considered to be 
a suitable value, and since no other information is available at present, 
this value will be used throughout the following examples. The effect 
i>u 
of using X=0.5 can be seen by comparing figure 8.5 with figure 8.1. 
Both represent the response to step changes in the coolant inlet 
temperature, the former having X=0.5 while the latter, which takes no 
account of the heat capacity of the fittings, has X=1.0. It can be 
seen that, as expected, the transient response of the system is slower 
in figure 8.5. The coolant temperature change has therefore been 
slowed down because of the capacitance of the reactor body. 
8.2.2 The Transient Response of the Reactor 
The response of a four coolant pass reactor after a step decrease 
in coolant inlet temperature is shown in figures 8.5 and 8.6, the former 
giving the temperature profiles of tube 1 and. the latter those of tube 
50. The conditions used are those of table 3.1 with a coolant velocity 
of Uc = 0.25 m/sec, for a coolant temperature change of 10 K. Tube 1 
actually experiences an increase in the hotspot temperature during the 
initial stages of the transient response. Later (see the profile for 
'C = 300 seconds) two temperature peaks are produced before the final 
steady state is reached after approximately 400 seconds. The response 
of tube 50, shows a gradually decreasing profile, with the hotspot 
moving from coolant pass two to three and then four before the final 
steady state is reached, again after approximately 400 seconds. An 
interesting point to note is that the tubeside outlet temperature in all 
tubes rises above its initial steady state value and then falls to its 
final value at the end of the transient period. The behaviour of the 
system following this decrease in the coolant temperature is due to two 
major effects, namely heat retention by the catalyst packing and the 
difference in the flowrates of the coolant and the reactants. Both can 
be explained by considering the configuration of the reactor. The 
lower temperature coolant entering the system decreases the rate of 
reaction in tube 1 pass 1, causing the concentration of the reactants 
leaving this pass to be greater than in the original steady state. 
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Then, because the flowrate of the reactants is mush higher than that of 
the coolant, the coolant temperature around tube 1 pass 2 is still at 
the initial value from before the perturbation. Thus, a high concen- 
tration of reactants enters a region where the catalyst packing is still 
hot from the hotspot of the initial steady state, and the coolant 
environment has not yet decreased in temperature. This results in an 
increase in the rate of reaction and a consequent increase in the 
temperature of the tubeside hotspot. Eventually the cooler coolant 
flows through passes one and two decreasing the reaction rates as it 
goes, so that the tubeside temperatures gradually fall to their final 
values. The multiple peak effect is due to similar reasons where a 
high concentration of reactant is experiencing a region of relatively 
high catalyst and coolant temperature. Because the tubeside hotspot 
either increases in temperature or moves towards the reactant outlet 
during the transient period, the-outlet temperatures from the tubes are 
higher during the traniient response, but as the cold coolant decreases 
the reaction rates throughout the bed, these too finally decrease to the 
steady state values. 
Figures 8.7 and 8.8 show the same perturbation applied to an 
identical reactor, but with only three coolant passes and the same 
coolant mass flowrate as the four pass reactor above. The overall 
behaviour of the systems is very similar, and shows the same general 
trends, with an increased hotspot temperature during the initial tran- 
sient response and multiple tubeside temperature peaks. Clearly, the 
coolant temperature is not a suitable control variable when used by 
itself, the apparently safe action of decreasing the inlet temperature 
resulting in temperature increases on the tubecide of the reactor, 
which can lead to catalyst deactivation, bad selectivity or even tube 
burnout. 
The effect of decreasing the inlet reactant temperature has been 
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shown(15) to give similar hotspot temperature rises during the transient 
response of a single tube constant coolant temperature reactor. 
Figure 8.9 shows the tubeside temperature profiles produced in such a 
reactor for a 10 K decrease in inlet reactant temperature, the coolant 
temperature being constant and equal to the initial reactant inlet 
temperature. A similar reactant temperature decrease in a four coolant 
pass multitubular reactor, using the data of table 3.1, is shown in 
figures 8.10,8.11,8.12 and 8.13, representing the tubeside temperature 
profiles for tubes 1 and 50 in a high coolant flowrate (Uc = 0.25 m/sec) 
and a low coolant flowrate (U - 0.1 m/sec) situation respectively. As 
expected, the latter case is affected more severely than the high flow- 
rate example. This mainly because the low flowrate reactor has higher 
temperature peaks in the initial steady state. 
Such behaviour, which demonstrates the distributed nature of the 
system, arises from the high heat capacity of the catalyst packing. 
The low inlet rea3tant temperature reduces the reaction rate over the 
initial portion of the bed so that a high concentration of reactants 
enters the region of the initial steady state hotspot. Here, the cata- 
lyst is still at a high temperature and the reaction rate accelerates 
due to the increased concentration. Thus, the temperature in this 
region increases. Gradually the cooler reactants decrease the 
temperature of the packing and the temperature profiles fall to the 
final steady state values. The transient response lasts approximately 
200 to 250 seconds in all the above three cases implying that the 
effects of the coolant transient term in equation (8.5) are small when 
dealing with tubeside perturbations. 
The final responses to be considered are for stop changes in the 
coolant flowrate. Figures 8.14 and 8.15 show the tubeside temperature 
profiles for tubes 1 and 50 in a four coolant pass reactor following a 
25% decrease in flowrate from GG _ 2.0. The profiles gradually change 
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from one steady state to the next and show no real anomolies. A 
50% step increase in flowrate, shown in figures 8.16 and 8.17, is also 
well behaved in the transient response, and as in the coolant flowrate 
decrease case, attain the final steady state profiles after approximately 
300 seconds. The effects of coolant flowrate variations in regions of 
practical operating conditions are so small that even periodic dis- 
turbances,, such as a sine wave with an amplitude of 25% and frequency 
of 0.01 Hz, leaves very little noticeable impression on either the 
tubeside temperature profiles, concentrations or coolant temperatures. 
This behaviour is, however, to be expected when the results of chapter 
seven are considered. For co-current reactors the 'stability' and 
'conversion' lines of the Tc 
in 
vs. GG plots, for example figure 7.7, are 
only slightly dependant upon the coolant flowrate (the parameter GG) 
when the flowrate is high enough to give stable operation for the inlet 
temperatures used here. 
8.2.3 The Frequency Response of the Reactor 
Although step changes in the inlet variables lead to easily 
interpreted results, actual disturbances on the plant often occur in a 
periodic manner. This section considers the simplest periodic 
distrubance (a sine wave) applied to the inlet coolant temperature. 
Figures 8.18 and 8.19 give the tubeside and coolant temperatures, plus 
the outlet fraction of reactant remaining for tube 1 after a sinusoidal 
disturbance in the coolant inlet temperature of amplitude 10 K and 
frequency 0.01 8z. The remaining data is for a four coolant pass 
reactor with a coolant velocity of c=0.25 m/sec and the information 
of table 3.1. The plot of tubeside temperatures at various positions 
versus time shows how the sinusoidal disturbance in the coolant affects 
the reaction. As the coolant inlet temperature begins to rise, the 
reaction in tube 1 pass 1 increases, hence the tubeside temperature at 
z=0.2 increases. However, because of this increased reaction in the 
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initial part of the bed, less reactant enters subsequent regions and 
so the reaction, and hence the temperature, decreases. As a result 
the tubeside temperatures at z=0.4, z=0.6 and z=1.0 begin to fall. 
After an initial transient period, during which quite high tubeside 
temperatures are experienced, the system settles down to an oscillatory 
pseudo-steady state after approximately 500 seconds. An interesting 
result of the tubeside behaviour is that the fraction of reactant 
remaining is always less than that of the initial steady state. Hence, 
for these conditions, better conversions are obtained when the reactor 
is operated with a sinusoidally varying coolant inlet temperature. 
The plot of coolant temperature versus time (figure 8.19) gives the 
inlet perturbation and the outlet temperature. The disturbance takes 
approximately 250 seconds to make itself noticed in the outlet tempera- 
ture, and then it appears with a small phase difference and a reduced 
amplitude. The phase difference between the tubeside temperature and 
the inlet coolant disturbance varies with the position in the tube. 
For position z=0.2, see figure 8.18, the maximum and minimum tempera- 
tures occur slightly after those of the inlet coolant temperature. 
This phase lag is due to the heat capacitances of the catalyst packing 
and reactor fittings. 
Figure 8.20 shows the same plots as above for an identical system 
disturbed by a sine wave in the coolant inlet temperature of amplitude 
10 K and frequency 0.02 IIz. This case is particularly interesting as 
the disturbance is completely attenuated. The outlet coolant tempera- 
ture (not shown) is unchanged for a period of over 600 seconds. 
Overall, the effects on the tubeside are similar to those reported for 
the lower frequency disturbance, the improved conversion due to the 
cyclic temperature changes also being present. -Unfortunately, the 
large amount of computation time necessary to follow the frequency 
response means that it is only feasible to carry out an initial survey. 
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However, it can be seen that the initial transient response reveals 
significantly different effects from the final pseudo-steady state and 
that for simulation studies, especially in relation to control system 
design, such regions of reactor operation obviously require special 
study. 
8.3 Counter-Current Cooling 
8.3.1 Formulation of the Equations 
The formulation of a dynamic, counter-currently cooled reactor 
. 
model is not as straight-forward as that of the co-current model intro- 
duced in the last section. This arises from the relative directions of 
the coolant and reactant flows. Consider solving the reacto_ problem 
in the same way as the steady state mixing cell model, evaluating the 
coolant temperatures from the coolant outlet to the inlet by the use of 
an estimated outlet temperature. Unfortunately, under transient 
conditions, a perturbation, say in the coolant inlet temperature, would 
not result immediately in a change in the outlet temperature. Hence, 
if the model is solved from outlet to inlet, there is great difficulty 
in accounting for perturbations at the inlet, the same outlet temperature- 
being obtained even though the inlet temperature is changed. Clearly 
then, a different approach must be adopted. The equations must be 
solved in the direction of the coolant flow, by a method similar to 
that used for the counter-current continuum model of chapter six. The 
heat balance used for the co-current model (equation (8.5)) applies for 
each coolant pass, and appropriately guessed values of coolant tempera- 
ture are iterated upon until a final solution is obtained. 
Figura 8.21 illustrates the technique for a two coolant pass system. 
First, the initial steady state of the system is evaluated, as this 
forms a convenient starting point for the transient calculation. The 
simplest m3thod of obtaining it in to net the time derivative to zero 
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in equation (8.5) and use the steady state tubeside equations of 
Appendix B. The equations are solved assuming the inlet coolant 
temperature to coolant pass 1, Tc , then, solving the coolant and 
gaes 
tubeside equations by marching through the tube bundle, the first 
approximation to the coolant outlet temperature, Tc 
out, 
can be made. 
Next, using the known coolant inlet temperature and the stored tubeside 
conditions entering coolant pass 2, the coolant temperature leaving pass 
2, Tc , can be obtained after evaluating the equations for this pass. 1 
If Tc is equal to T0 within given limits, the calculation is 
1 goes 
complete and the profiles are then stored for use in the transient 
period. If they are not in agreement, a new value of To is assumed 
gues 
and the procedure repeated. The transient period following a dis- 
turbance is studied in exactly the same way, except that the transient 
coolant heat balance, equation (8.5), and the dynamic tubeside model 
are used instead of the steady state equations. Also, because of the 
time delay in the coolant circuit caused by the turnround region, the 
temperature leaving coolant pass 2 must be modified by the use of 
equation (8.3) before it is compared with the coolant temperature 
entering pass 1. A detailed description of the solution of the counter- 
current problem can be found in Appendix I. 
Reactors having more than two coolant passes can be represented in 
a similar manner. For example, a three coolant pass system requires 
two coolant temperatures to be assumed, these being the inlets to coolant 
passes one and two. Iteration in this case is nested, the first two 
coolant passes being converged initially and then by iterating around 
the last pass the final solution obtained. A four coolant pass reactor 
requires three assumed temperatures and hence a three nested iterative 
calculation. Obviously, the computational requirements increase 
dramatically as more coolant passes are considered. 
Because of the need for iteration around the coolant temperature 
220 
in the counter-current reactor, computation times are much greater than 
those for a corresponding co-current simulation. For example, a two 
coolant pass reactor, counter-currently cooled requires approximately 
400 seconds on the CDC 7600 computer for 40 seconds of actual plant 
time. Since computer time on such a large machine is expensive, a 
complete survey of operating conditions is obviously impossible, and as 
a four coolant pass reactor (as used for the co-current simulation) 
would require larger computation times than a two or three pass, the 
latter have been adopted in this survey. 
The effect of the lumping of tubes approximation, described by 
equation (8.4), is shown in figures 8.22 and 8.23. These tubeside 
temperature profiles of tubes 1 and 50 respectively corresponL to a. 10 K 
decrease in the coolant inlet temperature for a two coolant pass reactor 
under the conditions of table 3.1 and with N-6. The detailed model 
for exactly the same case is shown in figures 8.24 and 8.25. Clearly, 
as in the co-currant reactor simulations, this approximation is not valid 
and the detailed cell model must be used in any meaningful study of the 
system. 
8.3.2 The Transient Response of the Reactor 
The effect of a step decrease in the inlet coolant temperature has 
been demonstrated for a two coolant pass reactor in figures 8.24 and 
8.25. Unlike the co-current system there is no increased tubeside 
temperature during the initial transient response, the profiles fall 
gradually from one steady state to the next. This behaviour, which 
also applies to a three coolant pass reactor (figure 8.26) is to be 
expected. The tubeside temperature rises experienced in co-current 
reactors are the result of decreased reaction rates in the inlet sections 
of the tubes causing higher reactant concentrations in regions of high 
coolant and catalyst temperature. In the counter-current case this 
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cannot occur, the colder coolant does not affect the inlet rate of 
reaction until after it has decreased the reaction rate (and hence 
catalyst temperature) further down the tubes. Hence, the counter- 
currently cooled reactor is not subject to the dangers of co-current 
systems during coolant temperature changes. 
Figures 8.27 and 8.28 show the tubeside temperature profiles for 
tubes 1 and 50 following a step decrease of 10 K in the inlet reactant 
temperature to a three coolant pass reactor (data as table 3.1). As 
in the co-current simulations, this action leads to increased hotspot 
temperatures during the initial transient response. The tubeside 
temperature profiles then gradually decrease to their final steady state 
after approximately 200 seconds. 
The final response to be considered is shown in figures 8.29 and 
8.30. Here, a step decrease is applied to the mass flowrate of coolant 
to the system, causing the value of GG to fall from 5.0 to 4.0. Again 
the transient period results in the gradual increase of the tubeside 
temperature profiles from the initial to the final steady state. Thus, 
as in the co-current reactor, variations in the coolant flowrate do not 
lead to unstable operation unless the steady state profiles are them- 
selves unstable. 
8.4 Concludi np., Remarks 
Dynamic models of both the co- and counter-current reactors have 
been developed using the mixing cell approximation to represent the 
shell-side heat balance. Attempts to simplify the equations, by the 
application of the lumping of tubes assumption used in chapter four, 
were unsatisfactory and the detailed cell model has to be used to ensure 
that an adequate representation of the system is given. As a result, 
the very large computation times necessary, especially for the counter- 
current model, have meant that only a limited survey of the transient 
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behaviour has been possible. 
The transient response of a co-currently cooled reactor following 
step decreases in either the inlet reactant or coolant temperatures 
caused increased tubeside temperature peaks during the initial transient 
period. The counter-current reactor, while behaving similarly for step 
decreases in reactant temperature, gave only decreasing tubeside tempera- 
ture profiles for step decreases in inlet coolant temperature. Thus, 
it would appear that counter-current reactors can give more acceptable 
behaviour than co-current systems when coolant temperature control is 
difficult. 
The study of the frequency response of the co-current reactor has 
revealed one aspect of dynamic behaviour which is often ignored. This 
is the importance of the initial transient response. Although the final 
pseudo-steady state oscillations of the reactor during, say, a sinusoidal 
disturbance, may be stable, it is possible that undesirable conditions 
arise before the final state is reached. For example, large peak 
temperatures can occur for one or more cycles of the perturbation, and 
the resulting temperature runaway may cause catalyst deactivation etc. 
preventing the final pseudo-steady state being achieved. 
Clearly, further investigation of the system is necessary. In 
general the behaviour of a multitubular reactor is controlled by a 
combination of chemical and thermal effects, the relative magnitudes of 
which may change considerably with time and position. Hence, the 
dynamic responses are not easily predicted without extensive simulation. 
For such studies therefore a reduced model, possibly developed using an 
effectiveness factor type approximation to represent the tubeside heat 
generation, is essential. The excessive computation times needed for 
the detailed cell model excluding all but the most limited surveys. 
It would also be desirable to obtain a relationship between the 
---- 232 
forcing amplitude and frequency of the oscillation to enable a-priori 
prediction of temperature runaway, both transient and permanent. 
However, the results described here demonstrate the highly non-linear 
nature of the reactor and the complexity of the interactions between 
the important phenomena. It seems likely therefore that this may 
preclude a general approach to the problem, requiring a more semi- 
empirical technique. 
Consideration of the dynamic behaviour of multitubular reactor 
models enables an assessment to be made of the emergency procedures 
necessary in the event of potentially dangerous situations. Then, the 
safest and most economic method of averting possible catastrophies can 
be ascertained without relying upon either intuitive reasoning or 
dangerous experimentation. For instance, intuitively, an effective 
method of reducing the magnitude of the temperature hotspots in the tubes 
would be to reduce the coolant temperature, so decreasing the reaction 
rate. Unfortunately, this action can lead to increased tubeside 
temperature peaks during the initial transient response, and so, instead 
of correcting the situation, reducing the peak temperatures, the reverse 
occurs and the reactor becomes even more unstable. Clearly, 
it is 
important to know, not only the final steady state results of an action, 
but also the dynamic behaviour leading to that result. 
I 
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Final Comments 
9.1 General Findings of the Present Work 
Consideration has been given to various aspects of the operational 
characteristics of multitubular fixed bed catalytic reactors supporting 
highly exothermic reactions. In particular, the importance of the 
distribution of the heat of reaction around the system, arising from the 
flow pattern of the coolant, has been investigated in relation to the 
performance and stability of the unit. 
In order to establish the complexity of the model needed in a 
representation of the reactor, three different methods of describing it 
have been examined. A comparison between these alternative representa- 
tions, which vary in complexity from a single tube constant coolant 
temperature model to a multitubular approximation accounting for the 
interactive nature of the heat transfer around the tube bundle, has 
shown that, in many important characteristics relevant to the design and 
stability of these systems, the more complex reactor models are highly 
desirable, even essential. The single tube approximations to the 
systems commonly employed can give significantly different predictions 
under conditions where instabilities are developing owing to the failure 
to account for the interaction between the tubes in the multitubular 
bundle. Moreover, there are additional problems relating to reactor 
configuration to be taken into account, for which the single tube models 
do not make provision. These problems, such as the number of coolant 
passes to employ, or the best mass flowrate of coolant, are an intrinsic 
feature of the more complex multitubular model. Too high a coolant 
flowrate can cause excessive cooling and, therefore, poor reactant 
conversion, whereas too low a value leads to severe coolant heating and 
very high tubeside temperatures which can cause poor selectivity or even 
i---- 
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temperature runaway. Even at moderate coolant flowrates the nature 
of the heat dissipation is such that tubes in different parts of the 
same bundle may exhibit quite different behaviour so that no single tube 
is representative of the whole. This means that designs and control 
strategies based only on single tube models could be inappropriate, and 
so the use of a multitubular model for these purposes is clearly essential. 
Recognizing the necessity of including the coolant heat balance and 
adopting a multitubular model, several different representations of co- 
or counter-currently cooled multitubular reactor bundles have been 
considered. On the shell-side, it has been demonstrated that the 
temperature gradients in the coolant parallel to the tubes could be 
ignored, so that a mixing cell model is suitable, both in terms of 
accuracy and computation time. This model, which has the added attra- 
ction of the ease with which it can be simplified so as to reduce the 
computation time still further, has been used to represent all types of 
reactor configurations throughout this study. 
Consideration has also been given to an adequate description of the 
tubeside behaviour. Although the one dimensional model, with an 
implicitly assumed parabolic radial temperature profile, is not strictly 
quantitatively accurate under extreme conditions, it does give very 
good qualitative agreement with the more complex two dimensional model. 
As this is primarily a preliminary study of the effects of interactive 
heat transfer through the coolant in large multitubular bundles, a 
qualitative picture of the reactor performance is adequate in formulating 
generalized criteria for the behaviour of such systems. Moreover, 
because of the uncertainty in the data available for predicting the 
parameters, a qualitative approach representing a general pattern of 
behaviour is all that can realistically be expected. Hence, the one 
dimensional tubeside model has been used throughout this study, although 
it would be possible to use a more detailed description if required. 
-. 
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A novel feature of this study is that it has been possible to 
demonstrate how the reactor configuration affects both the stability 
and performance of multitubular reactors. Counter-currently cooled 
reactors cannot tolerate large coolant temperature rises because the 
hot coolant at the exit can cause excessive reaction rates in the inlet 
stages of the reactor tubes. For this reason high coolant flowrates 
are necessary with the accompanying high pumping costs. Reactors with 
co-current cooling on the other hand can give very good performance 
with high coolant temperature rises. In such systems, the coolant, 
often ignored in the initial design stages, can be used to distribute 
the reaction heat around the assembly, inducing further reaction in 
regions of depleted reactant. Thus, as an example of the economic 
importance of carrying out surveys on the coolant behaviour, by giving 
adequate consideration to the effects of the coolant flowrate, increased 
conversions and decreased pumping costs are possible. 
In both modes of coolant flow direction, three or four coolant 
passes on the shell-side seem, for the data used here, to give the best 
overall performance for a wide range of operating conditions. Two 
coolant pass systems tend to have a large distribution bf conversions 
across the tube bundle and hence exhibit undesirable operating conditions 
unless very high coolant flowrates (giving low coolant temperature 
rises) are used. 
An alternative configuration, the nixed flow reactor, has been 
explored which tends to produce conditions intermediate to the co- and 
counter-current reactors. A comparison of the three configurations 
leads to the conclusion that, for equally sized systems, the co-current 
reactor is attractive provided large coolant temperature rises can be 
tolerated in the coolant circuit. If not, then the counter-current 
system with its small temperature rises and higher pumping costs can be 
used to produce the same conversion of reactants. The mixed flow 
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reactor, with its intermediate pumping costs and temperature rises, 
make it useful when a compromise between the need for low energy costs 
in the cooling circuit conflicts with the need for low coolant tempera- 
ture rises. 
Maldistribution of reactants to the tubes has been shown to have 
significant effects not only on the affected tubes, but also on normal 
tubes because of the interactive nature of the heat transfer between 
coolant and tubes throughout the bundle. This further indicates the 
need for multitubular models. Although single tube models can be 
considered adequate for initial studies under mild operating conditions, 
problems still arise when the basic assumptions of the models are not 
met. Hence, in very large multitubular bundles, where maldistribution 
of feed to the tubes can be a serious problem, the use of the simple 
models can result in misleading conclusions being reached owing to the 
complex interaction of the heat transfer in the tube bundle. 
In counter-currently cooled reactors the backward movement of heat 
arising from the coolant flow direction may cause multiple steady states 
to develop at low coolant flowrates. This undesirable phenomena is 
more likely to occur in multitubular than single tube systems because of 
the larger amounts of heat which are generated and the limitations which 
may be imposed on the coolant flowrate by the pumping costs involved. 
A phase plot of inlet coolant temperature versus a parameter GG 
(based on the coolant flowrate) has been discussed and shown that it can 
be used to indicate both regions of operability and 
(for counter-current 
reactors) regions of multiplicity of the coolant conditions. The charts, 
which provide a simple and convenient method of investigating the 
design 
or control strategies for either co- or counter-current reactors, are 
dependent on easily obtainable variables, namely the inlet reactant and 
coolant temperatures and the coolant flowrate 
(identified as the parameter 
GG). Thus, the resulting charts, which enable the stability and conversion 
=- 
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of a multitubular reactor to be obtained easily, are suitable for routine 
use and so have considerable value in the overall assessment of the 
operational characteristics and the design of control schemes for such 
systems. 
The work has been extended to the evaluation of dynamic models of 
both co- and counter-current reactors using the mixing cell approximation 
to represent the shell-side heat balance. The very long computation 
times necessary, especially for the counter-current reactor model, have 
meant that only a limited survey of the transient behaviour has been 
possible. However, the general characteristics of the system have been 
identified, as have the dangers of relying on a lumped parameter element 
to represent the reactor. Step decreases in either the inlet reactant 
or coolant temperatures cause increased tubeside temperature peaks 
during the initial transient response of a co-currently cooled system. 
The counter-current reactor, while behaving similarly for 'step decreases 
in the reactant temperature, give only falling tubeside temperature 
profiles for. decreases in the inlet coolant temperature. Thus, it 
would appear that counter-current systems are preferable when coolant 
temperature control is difficult. The frequency response of co-current 
reactors during sinusoidal coolant temperature disturbances has demon- 
strated the importance of considering the initial transient response. 
Even though the final pseudo-steady state has stable temperature profiles, 
relatively large unstable temperature peaks giving temperature runaway 
can develop during the first few cycles of the disturbance. Hence, 
the final pseudo-steady state may never be reached because of catalyst 
deactivation due to the high temperatures during the initial transient 
" response. 
Variations in the coolant flowrate give rise to safe operating 
conditions for both co- and counter-current systems, providing that the 
initial and final steady state temperature profiles of the system are 
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stable then the profiles during the transient period will also be stable. 
The results of the dynamic study of the reactor indicate clearly 
that a detailed investigation of such systems is necessary. In general, 
the behaviour of a multitubular reactor is controlled by a combination 
of chemical and thermal effects, the relative magnitude of which may 
change considerably with time and position. This results in dynamic 
responses which are not easily predicted without extensive simulation. 
The complex interactions which are present emphasise the importance of 
recognizing the need for adopting a multivariable approach, and clearly, 
this is essential when considering the structure of a control scheme. 
9.2 Assessment of the Present Work 
This study has been concerned with developing an understanding of 
the interaction between the heat removal and generation in large 
multitubular reactors. An important feature of the work is the alter- 
native approach to the design of large scale units that is presented. 
Conventional design procedures would tend to place emphasis on methods 
which consider a single tube to be typical of the entire unit. However, 
there is a need to examine the overall system, that is the total assembly, 
to enable a more realistic representation to be obtained. The cases 
examined here have shown that the specific features of the mechanical 
design of industrial reactors dictate that not only must the behaviour 
of the coolant be explicitly accounted for, but also that the interaction 
between the tubes, arising from the pattern of heat release, must also 
be taken into consideration. 
The important heat transfer mechanism in such reactors is a combination 
of heat rcioval from the tubes and heat distribution along the coolant 
path. Clearly, these two are dependent not only upon each other, but 
also upon the mechanical arrangement of the reactor. Co-current 
reactors for instance exhibit a feedforward of heat, the reaction heat 
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evolved in the first half of the system being carried, via the coolant, 
to promote reaction in the outlet portions. The feedback of heat in 
counter-current reactors on the other hand causes higher reaction rates 
in the inlet stages of the bed. Present design procedures do not give 
adequate consideration to the layout of the coolant flow path at the 
process design stage. Indeed, such systems are usually regarded as 
modified shell and tube heat exchangers and so the designs do not 
therefore take advantage of the tubeside temperature distribution. 
The necessity of adopting a multitubular approach has been demonstrated, 
and its potential for enabling a much better appreciation of the problem 
highlighted. Moreover, it has pointed to the need for optimization 
of the reactor configuration. 
The mixed flow arrangement, developed in chapter seven, demonstrates 
that reactor performance can be improved by modifying the shell-side 
cooling circuit. Although the subject has only been touched upon, 
there would appear to be a great deal of scope in this type of arrange- 
ment for improving the performance of multitubular systems. A particular 
advantage is that, not only is it simple to apply on an industrial 
unit, but it has great flexibility in delivering the maximum cooling 
action to the tubeside hotspots, and it also promotes reaction in 
regions of depleted reactant. There is very strong evidence that 
adequate shell-side design can not only reduce the capital cost and 
improve performance, but also, because the system is potentially more 
stable (due to the maximum cooling being in the correct region of the 
reactor), enable much more precise designs and control schemes to be 
implemented. 
9.3 Suggestions for Further Work 
This work has been concerned mainly with establishing a qualitative 
picture of the operational characteristics of multitubular reactors and, 
as auch, has constituted an initial survey of the performance of such 
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systems. In particular, since for control purposes the centre-line 
temperature in the reactor tubes is the most critical it must be studied 
in more detail. It has already been indicated that the computational 
load of the two dimensional model is too great for routine use. 
However, Naim(35), has shown that this model can be reduced to a pseudo- 
one dimensional form, and, although this still requires more computation 
than the one dim3nsional model used here, it should be acceptable and 
could be used for confirming the results of the simpler model. 
The problems of the steady state of the multitubular reactor are 
by no means resolved. A more detailed model must be formulated to 
include pressure drop effects on the shell-side. This would then 
enable the study of the variation of coolant velocity across the bundle 
and also -cacilitate a more extensive investigation of suitable coolant 
flowrates. The effects of reactor size, both in terms of the number 
and the length of the tubes requires study. This is important especially 
when considering the question of the best mode of operation 
(co- or 
counter-current cooling). Applying shell and tube heat exchanger 
theory, counter-currently cooled systems require less heat transfer 
area per unit than co-current systems, and so it is possible that 
counter-current reactors may be capable of the same performance as a 
co-current system but for a smaller size unit, and hence smaller capital 
cost. However, the decrease in the size of the counter-current reactor 
means lower coolant temperature rises and hence lower reaction rates. 
Thus, for a given production rate the length of tube and the mode of 
operation constitute an interesting optimization problem. 
The results obtained in this present work leave little 
doubt that 
the dynamic behaviour of multitubular reactors requires extensive further 
study. Clearly, there are a whole range of disturbances that could 
be applied to such a system, but it should be possible to establish 
some general rules suitable for use in the design of a control scheme. 
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Attention should be centred on the effects caused by the application 
of various control actions, such as variation of the reactant flowrate 
or different types of multivariable approach. Although the work 
reported here has shown that it is possible to predict the change neces- 
sary in any inlet variable when the others are disturbed, if safe 
operation is to be maintained, no information has been obtained on how 
these changes should be made. This is particularly important since 
temperature runaway must be avoided in the transient period as well as 
in the steady state. The frequency response of multitubular systems 
also requires further effort, with an attempt to classify the range of 
frequencies and amplitudes that lead to unstable conditions. This is 
especially important when considering systems that give stable conditions 
during the final pseudo-steady state but cause instability during the 
initial transient response. 
Because of the excessive computation times necessary for even 
limited studies, reduction of the model is essential if it is to be 
useful for routine design or control use. Such a model, which gives 
the same general characteristics as the complex model, might be formulated 
in terms of a lumping approximation. 
the distribution factor of Turner(42), 
Thus, in an analogous manner to 
which modifies the rate terms in 
a tubular reactor by using assumed, semi-empirical radial temperature 
and concentration profiles, the lumping factor could represent the 
effects of the various tubeside conditions for different tubes in the 
reactor bundle. This would mean that the reactor behaviour can be 
represented by far fewer tubeside evaluations during simulation. 
Finally, experimental work, both on single and multitube reactors 
will be necessary to confirm the findings of the theoretical investi- 
gations. However, at the present stage of the project it is doubtful 
that much could be gained from studying a laboratory scale tube bundle. 
Effort should be concentrated on obtaining reliable data from single 
c'! +!. 
tube reactors, as these form the building blocky of the multitubular 
system. Experimentation on the multituabular reactor can be most 
profitably done after further detailed theoretical investigations have 
outlined the best methods of tackling the complex problems in such large 
systems. 
0 
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APPENDIX A 
The Catalyst Pellet Models 
A. 1 The . illy Distributed Catalyst Pellet Model 
This cection introduces a general mathematical model of the catalyst 
pellet including all the major resistances to heat and mass transport. 
Catalyst pellets are normally porous so that the maximum number of 
active sites can be contained in the smallest volume. Hence, the 
reactants have to diffuse into the pellet, react and then the products 
diffuse away. This resistance to the transport of heat and mass has 
the effect of causing conditions within the pellet to differ from those 
of the fluid and hence influence the rate of reaction. Fouz significant 
transport resistances can be readily identified and most models of 
catalyst particles have been developed to include some or all of them: 
1. Mass transfer resistance within the catalyst pellet pores. 
2. Mass transfer resistance at the interface of the gas and solid 
phase. 
3. Heat transfer resistance due to the pellet structure. 
ý. Interphase heat transfer resistance across the pellet to fluid 
boundary layer. 
Unfortunately such a model requires an appreciable amount of 
computation in its solution, making it of limited use in the design of 
packed bed reactors. For this reason an approximate representation, 
the lumped thermal resistance model 
(12) 
has been developed and is 
presented in section A. 2. For design purposes a detailed description 
of the pellet conditions is not really required, a measure of the 
difference between the actual rate of reaction in the pellet and the 
rate predicted by the fluid conditions would be perfectly satisfactory. 
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Such a measure is given by the effectiveness factor, 9, which is defined 
by: 
Tj = Actual Reaction Rate at Pellet Conditions 
Reaction Rate Calculated at Fluid Conditions 
Once known, the effectiveness factor can be used in the global equations 
of the reactor, and the design carried out assuming a pseudo-homogeneous 
model based on the fluid conditions. 
A. 1.1 The Steady State 
For a spherical catalyst pellet in which the 
n h. 
order A -, &-B 
reaction with Arrhenius kinetics occurs, a mass balance on species A 
gives: 
n 
1Dd s2 dc -Ao-EC=0 (A. 1) 
62 
DA da d$° Rg Tp 
PA 
Similarly, a heat balance gives: 
n 
1Kd s2dT +(-AH) A exp -E C' =0 
(A. 2) 
82p 
ds ° Rg Tp PA 
Equations (A. 1) and (A. 2) are subject to the boundary conditions 
dOI = dTp at s=0 
(A"3) 
A 
ds ds 
D dC = kg (C - Cý ) PA pA A fA pA 
ds at s=b (A"4) 
K dT = h(T -T Dpp 
ds 
These equations may then be written in dimensionless form as: 
d20 -2 dcP - Q2 exp - 
1/t CP =0 
(A"5) 
A 1-y AA 
dy2 dy 
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d2t -2 dt +B Nu 02 exp - 
1/ 
Cn =0 
-y dy 
0t PA dy 2 7-7797- 
with boundary conditions: 
dC =dt=0 aty=1 PA dy 
dy 
I 
dCPA = ShA (CPA - CAý 
dy 2 
aty=0 
dt = Nu (t - T) dy 2 
r 
where : CP CP , CA =Cf, t= R9 T 
AAA 
CCE 
00 
s TT ry 
Eb 
82=b2Ao, Bo= AH) Dp co R 
A 
DPA 2 bhE 
I1 
ShA=2bk 
CA , 
Nu=2 
K 
bh 
DpA p 
(A. 6) 
(A"7) 
(A. 8) 
Equations (A. 5) and (A. 6) may be solved numerically to give the tempera- 
ture and concentration profiles within the pellet. 
factor, i9 is given by: 
T1 = 4IT b2 k (Cf - Cý gA fA PAls=b 
n 4/3 
Ti b3 A0 exp - 
E/R 
T Cf 
gA 
which in dimensionless form becomes: 
1.5ShA(CA-Op 
AI y. 0 
02 exp[-l/Tj CA 
The effectiveness 
(A"9) 
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A. 1.2 The Unsteady State 
The unsteady state mass balance on the pellet gives: 
D 
[e2c 
-2 ac PA PA (1-y) PA 
b2 e y2 
ay 
- Ao exp - /t CP =ac 
AA 
ea 
(A. 10) 
Similarly the unsteady heat balance gives: 
KU alt -2 at + (-LOH) A Rexp 
f- 't} CP = 8t 
PCp2 
1-y 8YEA ö'ý ßb2 ay 
Pc P 
with boundary conditions: 
ac =at=o aty=1, 
t>o 
PA j -y 
ay 
ac 
PA =bk gA 
(C 
PA-CA) 
ay DP 
A 
at y= 0, V>0 
ö-bh (t - T) 
8Y p 
t= ti 0 
atý= 0,0? y)1 
OPA CPAIt 
=0 
(A. 11) 
Rearranging, equations (A. 10) and (A. 11) and introducing dimensionless 
groups, they become: 
a2cP -2 8c* -2 exp 
/t CP = cc CCp 
(A. 12) 
A 1-y AAA 
3y2 8Y 8t 
ölt -2 ät +B Nu 02 exp -1/t c= KT8-t 
(A. 13) 
ay2 1-y 8Y 
0A a'tý 
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with boundary conditions: 
8Cp = ät =0 at y=0, >. 0 
A äy 
ay 
8cA =ShA (Cp -CA) 
2 aY 
at y=1, t 0 
Bt=Nu (t - 8Y 2 
t=t 0 
Cp = CP ate = 0,0> yý 1 
AA 
0 
-*' where: K cc =b2e, 
KT P Cp b2 
D PA KP 
Since the thermal capacitance of the system is much greater than 
the mass capacitance(15), Kcc « KT, the concentration profiles can be 
assumed to be at a series of pseudo-steady states and hence equation 
(A. 12) can be replaced by its steady state form, (A. 5). 
A. 2 The Limed Thermal Resistance Model of the Catalyst Pellet 
A. 2.1 The Steady State 
In this model the resistance to heat transfer within the catalyst 
pellet is assumed negligible and the pellet is, therefore, isothermal. 
Thus, the temperature, t, is constant throughout the pellet. The mass 
balance on the pellet is identical to that used for the fully distributed 
model. However, since t is not a function of y, equation (A. 5) may be 
solved analytically for first order reactions (n = 1) to give the 
concentration profile in the pellet. For non-first order reactions a 
pseudo first order form of the rate expression may be used(41,71), and 
the parameter 0 is then redefined by: 
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92 = b2 AC 
n-1 
o PA 
DPA 
Thus equation (A. 5) becomes: 
d2CPA -12 
ydCPA 
- 02 erp -1/t Cp 
A=0 
dy2 dy 
with boundary conditions: 
dO 
A=0 
dy 
at y=I 
dCPA = ShA (Cp 
A- 
CA) at y=0 
dy 2 
Analytical solution of equation (A. 14) gives: 
CP = 0.5 ShA Binh (r (1 - y)) CA 
A (r coth r+ s) 1- y sinn 7 
where: r=0 exp -1/2t ,s0.5 ShA -1 
(A. 14) 
(A. 15) 
A heat balance on the isothermal catalyst pellet gives, in dimensionless 
form: 
B0ShA(CA-CPI ) -t+T=O 
A y=O 
CP 
AI 
may be obtained from equation (A. 15) as: 
y=0 
CPA = 0.5 ShA CA ýy-O 
(r coth (r) +s 
using (A. 17) In equation (A. 16) and rearranging gives: 
(A. 16) 
(A. 17) 
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t=T+B Shh (r - g) (A. 1ß) 
(sg + 
where B= Bo CA and g= tanh (r) 
Equation (A. 18), therefore, gives the pellet temperature directly 
and may be solved by any of the normal root-finding techniques e. g. 
Newton-Raphson. 
Using equations (A. 17) and (A. 18) in the expression for the effective- 
ness factor, (A. 9), enables tj to be expressed in terms of t, CA and T 
only. Thus: 
Tý=1.5 (t - T) 
B 002 expel/T CA 
A. 2.2 The Unsteady State 
(A. 19) 
As in the fully distributed dynamic model of the catalyst pellet, 
the concentration profiles may be assumed to be at a series of pseudo- 
steady states. Therefore the instantaneous concentration profile of 
species A is given by equation (A. 15). An unsteady state heat balance 
on the isothermal catalyst pellet gives: 
2Y dt =T-t+B0ShAC) 
(A. 20) 
3 dß 
AIy=0 
where C PA 
Y 
is given by equation (A. 17). 
=O 
Equation (A. 20) may be conveniently solved using the Runge-Kutta- 
Merson algorithm. 
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APPENDIX B 
The One Dimensional Reactor Model 
B. 1 The Steady State Model 
For the A -+-B reaction scheme used here, differential heat and mass 
balances on the reactor give in dimensionless form: 
dCA + G2 11 82 eXP -1IT GAn 0 (B. 1) 
dz 
dT-G4 (t - T) + 2Iduu (T - Tc) =0 (B. 2) 
dz G 3 
with the boundary conditions: 
TTIz, CA CAIZ=0 
=0 
where: G2 = (1 - e) L DPA G3 = R2 uP C1, 
b2 
Kf L 
ue 
G4 3(1- e)hL 
bpueCP 
NuW=4Nuw NuW=RU 
4+NuWKe 
where the state variables used in equations (B. 1) and (B. 2) are radial 
mean values. The modified Nusselt number, Nut, being introduced to 
account for the assumed parabolic radial temperature profile(15) in the 
bed. Thus, the radial temperature profile is given by: 
Tr =T+0.25 Nuw (T - Tc) -0 .5Nu* 
(T - Tý) r2 (B. 3) 
where T is the radial moan temperature obtained from equation (13.2), 
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and r is the dimensionless radial coordinate in the reactor such that 
r=0 at the tube centre. 
The modified Nusselt number, Nuu, is defined by: 
NuW (T - Tc) = IuW (TI 
r. 1 
(B. 4) 
Using (B. 4) and the assured parabolic profile it may be shown that: 
Nu 
a=4 
Nuu 
4+NOW) 
(B"5) 
The pellet temperature, t, and the effectiveness factor, 9, are 
obtained from the catalyst pellet model described in Appendix A. 
Equations (B. 1) and (B. 2) form a coupled initial value problem and 
can be solved by any appropriate method. The Runge-Kutta-Merson algorithm 
was used in this study and it was found that for the data used 80 steps 
were needed in the axial direction to give adequate convergence. 
B. 2 The Unsteady State 
_Mode1_ 
The transient fluid field equations for the reactor are in dimension- 
less form: 
aCA + G211 02 exp -h/T CA' + G5aCA =0 
aZ ate 
äT + 2riuw (T - Tcý - G4 
(t -T +G6a 0 
G3 
with the initial conditions: 
CA = CAIt_0 
atz=0 
(B. 6) 
(B. 7) 
T= TI 
t=o 
CA CA Iz=O 
at 't=0 
T=TLo 
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Equations (B. 6) and (B. 7) are coupled with the dynamic model of the 
catalyst pellet, equation (A. 20). Several workers(15' 
35' 41) have 
.{ 
shown that the transient response of the reactor predicted by these 
equations is slow compared with the residence time of the reactants, so 
that the fluid equations may be solved as if they were at a pseudo-steady 
state. Thus, in equations (B. 6) and (B. 7) G5 = G6 =0 and the steady 
state equations (B. 1) and (B. 2) result. Solution of the system of 
equations is then similar to the steady state case, the essential differ- 
ence being that when the bed exit (z = 1) is reached the time is updated 
and the procedure repeated from the bed entrance. Also, at each node 
of the solution network the dynamic model of the catalyst pellet must be 
solved to obtain t at the current time. This is accomplished by use of 
the Runge-Kutta-Morson algorithm, in which case the values of C and T 
must be supplied over the time interval. Since this is small, it may be 
assumed that these vary linearly over it. 
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APPENDIX C 
Single Tube, Flowing Coolant Modal. (Model 13 of Chapter ') 
I( 
For a single reactor tube with co-currently flowing coolant, a heat 
balance on the coolant gives: 
M CP dTý -2 IT RU (T - T0) =0 
c1 
L=R 
dz 
with the initial condition: 
ººº 
T =Tý atz-0 
0 
I 
Tjis the tubeside temperature at the tube wall. 
Y=R 
(c. 1) 
Making (C. 1) dimensionless and expressing the tubeside gas temperature 
in terms of its radial mean value gives: 
dTý-2Nu*(T-Tc)-O 
dz G 
cc 
with the initial condition: TC=TC at z=0 
0 
where G 
cc = 
rC CPO 
TT LKfe 
Equation (C. 2) is coupled with the tubeside equations given in 
(c. 2) 
Appendix B, through T and T0, and must, therefore be solved simultan- 
eously with them. The Runge-Kutta-Merson algorithm used previously 
being suitable for this purpose. 
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APPENDIX D 
The Continuum Coolant Heat Balance 
The heat balance for a coolant flowing over a bank of tubes can be 
described by the following equation: 
- (u PC C1, TC) -V-(-K C 
IecVTc) 
+ üA (TT_R -TC)=0 (D. 1) 
Applying the assumption that in a large bundle the row of tubes 
across the bundle diameter is representative, equation (D. 1) reduces to: 
K' eca2T 
'1 
- Tc)= 0 c- ýPc 
CPEcOT +VA( Tiy=R 
c, 
az12 ax 
with boundary conditions: 
II' TsI, B = Tý at x=0,0(z 
0 
II 
a Tc =o atz =o 
az ZN 
(D. 2) 
t 
where x is the co-ordinate in the direction of coolant flow and z 
perpendicular to the coolant flow. 
Rearrangement of equation (D. 2) in dimensionless form gives: 
ä2T -AýOTý+A2NUW 
az 2 aX 
C 
with boundary conditions: 
T atx=0, O. 4 zc41 
0 
(D"3) 
(D"4) 
8Ta _0 at zc =0 0<xý i 
zC zC 
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t 
where: z=z, x=x 
LB L 
,A=A' Ke r, 
A1= CPCCPECý 
22f 
Ii 
2 
CtKt 
ELec ec R 
0cc 
Equation (D. 3) coupled with the boundary conditions (D. 4) can be 
solved by finite difference. 
Writing equation (D. 3) in a general form we get: 
a21, +Kaf+RI f+R'=O (D. 5) 
8x2 ex 
with boundary conditions: 
z< 1 f=f0 atx=0,0 4 
of _o atz = OJo, < x< 1 57 z=, 
In finite difference form, the terms in equation (D. 5) become: 
32f=1 (Q (f. 
i+1 -2fi 
+fi-1 )+(1 -Q) 
(X. 
-2xf 1. +xfi-1)) 
8z2 h2 
Kaf=K(fi-xfi) 
6k 
R'f = QR 
j fi + (i - Q) x Ri x fi 
Rte R 
where: 
the prefix 'x' indicates the value of the variable at the previous 
axial (z) position. 
h is the stop length in the axial direction 
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k is the step length across the tube bundle (in the x-direction) 
Q is a constant, 0< Q4,1, such that when Q=0.5 the equations 
are of the Crank-Nicolson form. 
Replacing the terms in equation (D. 5) by the expresoiona given 
above, and rearranging, given: 
mi fi+1 + pi fi + ni fl-1 = ai 
where: ni = 
h2 
Pi -- 20, +K+QRi 
h2 
k 
ni 
h 
(D. 6) 
ai -x fi+1 --x fi -2 (1 -Q -Y. + 
(1 - Q) xR 
h2 h2 
k 
-xf i-1 1 0, - 
©, R- (1 - Q) x Ri 
h2 
These expressions hold for 1/i (N - 1) where 0 and N are the numbers 
of the finite difference nodes at each baffle plate (i. e. at z=0 and 
z. 1). 
Applying the boundary conditions at z=0 and z=1 enables the 
elimination of the terms at the hypothetical nodes (N + 1) and (N - 1). 
This leads to the following expression at the zeroth node: 
mo f+1 + po fo = ao (D"7) 
where: no = 201 
h2 
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I 
PO =-Q+K+QR °k° 
h2 
ao=-xfo -21 -q 
h2 
1 
-K + (1 -Q) x R 01 k 
- xf+1 2 
(1-- - QRo - 
(1 - Q) x Ro -q 1, 
h2 
And at the Nth node: 
p17fIT +nN1N-1 =a'N 
I 
where: pN ? Q+ K+ QJZN 
h2 
k 
TI =C 
h2 
aN=-xfN1 21 - _qj h2 
1 
- xfrl - 21 -0 -K+(1 - 
Q) x 
h2 
k 
11 
-QRN-(1-Q)I4 
Equations (D. 6), (D. 7) and (D. 8) represent a system of simultaneous 
algebraic equations of the form: 
Af=a 
where the coefficient matrix A, is given 
by: 
\ 
Po m0 
IS% 
Ay 
ni Pi mi 
N 
'IN P1 
(D. 8) 
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This tridiagonal matrix, A, can be solved using the computationally 
efficient algorithm of Thomas 
(72 ). 
The above heat balance refers to flow of coolant over a bank of 
tubes, without any reference to the direction of flow of the coolant 
relative to the direction of flow of the tubeeide gases. 
The following solution method refers to the case of a reactor with 
co-current flowing coolant, for counter-current cooling see chapter 4. 
The solution of the finite difference equations for a co-current, 
crossflow reactor may be accomplished by marching across the bundle from 
the coolant inlet to the coolant outlet in each coolant pass as follows: 
1. Assume a coolant temperature profile perpendicular to the direction 
of coolant flow at the first (i. e. inlet) or next position along 
the direction of flow. 
2. Using this temperature profile solve the tubeside model for the. 
length of tube in the pass under consideration. 
3. Using the tubeside temporature profile from step (2) solve the 
coolant finite difference equations in the direction perpendicular 
to coolant flow to obtain a new coolant temperature profile in 
this direction. 
4. Check whether the coolant temperature profile calculated at step (3) 
agrees with the one assumed at step (1). If not, using the profile 
from step (3) repeat the calculation from step (2). If converg- 
once is obtained and x<1 (i. e. the outlet from the coolant pass 
is not reached) go on to the next position in the direction of 
coolant flow and repeat from step (1). If x=1 (i. e. the outlet 
from the coolant pass is reached), go on to the next coolant pass 
and repeat from etep (1). 
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At the end of each pass, where the flow direction is reversed for 
the next pass, it is assumed that complete coolant mixing occurs so that 
it enters each pass at a uniform temperature. 
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APPENDIX E 
The Co-Current Mixing Cell Model 
The assumptions for the mixing cell model are basically the same 
as those for the continuum model and have already been detailed in 
section 4.1. Figure E. 1 shows the layout of the mixing cells in a 
typical reactor cross-section, the coolant, being perfectly mixed in 
each cell flows from cell i to cell i+1 until the end of each coolant 
pass. From the point of view of heat generation there are effectively 
two tubes in each cell. 
A heat balance over cell i gives: 
I 
rz 
cc 
mcCP Tc(i-1) +4r7RÜ 
2( Ti 
y -Tc(i))dz' =mc 
CP Tý (Li) 
ý =R ci 
where: mC = u0 pc LB ToT 
z1 and z2 are the limits of the length of the baffle section 
I 
Tly_R is the tubeside wall temperature, a function of Tc(i) 
In dimensionless form, equation (E. 1) becomes: 
Tc(i) - ýýc(i-1) + 
Nuw 
2 (T 
_. 1 
_ T°(1)) dz (E. 2) 
cZ 
where: Ga = me CPC 
4nKf0LB 
dlthou, h the above equation uses the tubecide wall temperature, use 
of the effective wall Nußselt number, NNu*, enab)es equation E. 2 to be w 
expressed in terms of the radial mean tubeside temperature, hence it may 
be written: 
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z2 
Tc(1) Tc(i-1) + Nu (T - Tc(i» dz (E. 3) 
G 
c 
The method of solution of the model is as follows: 
1. Assume a value of T at the first or next cell. c 
2. Solve the tubeside equation for the length of the cell using this 
value of Tc 
3" Using the tubeside temperature profile from step (2) evaluate the 
integral term in equation (E. 3). 
4" Solve equation (E. 3) using the value obtained from step (3) to give 
. a new value of Tc 
5. Compare the value of Tc from step (4) with that assumed in step (1). 
If the two values are converged to within a given accuracy, move on 
to the next cell and repeat from (1). If the values are not 
converged use the value of Tc from step (4) and repeat from step (2). 
This procedure is repeated in each coolant pass until the, exit cell 
is reached, the solution is then complete. 
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COOLANT FLOW ---"- 
__ 
Figure E. 1 Schematic diagram of the tube bundle, showing the 
arrangement of the mixing cells in the co-current cross- 
flow model. 
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APPENDIX F 
The Counter-Current Mixing Cell. Model 
The only difference between this reactor configuration and the co- 
current is the direction of flow of the coolant relative to the flow of 
the tubeside gases. This, together with the tube labelling system is 
shown schematically in figure F. 1. 
Using the same nomenclature as in Appendix E, a heat balance on 
cell i gives: 
Tc(i) - Tc(i-1) - Nu 
G 
c 
2 (T - T(i)) dz fZ z1 (r. 1) 
where T, the radial mean tubeside temperature is a function of Tc(i). 
The method of solution is as follows: 
1. 
2. 
3. 
4. 
Assume a value for Tc at the cell at the coolant exit from the 
bundle. 
Solve the tubeside equations using this value. 
Compute the value of Tc in the next cell in the direction opposite 
to coolant flow. 
Check whether the last cell in the bundle (i. e. at the coolant 
entrance) has been reached. If not, repeat from step (2) using 
the value of T0 from step (3). If the last cell has been reached 
go on to step (5). 
S. Compare the computed value of the coolant inlet temperature from 
step (3) with the actual value. If the values are the same, to a 
given accuracy, the the solution is complete. If not, repeat from 
step (1). 
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The method of repeated subsctitution appears to be adequate to obtain 
convergence of the coolant inlet temperature within three or four 
iterations. However, under severe conditions, such as in the region 
of multiple solutions, a more sophisticated approximation procedure 
(e. g. a quadratic convergence routine) is recommended. 
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COOLANT FLOW ----+ - 
U 
OýOýO 
/ 
OOO 
Figure F. 1 Schematic diagram of the tube bundle, showing the 
arrangement of the mixing cells in the counter- 
current cross-flow model. 
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APPENDIX G 
The Two Dimensional Tubesid e Reactor Model 
For a fixed bed catalytic reactor the differential heat and mass 
balance equations, using the nomenclature of Appendix B, can be written 
in dimensionless form as: 
jar aCA - G1 ä ZA G1 G2 tq 02 CA =0 (G. 1 5-r -l 
) 
8r 
8r räT -G3 8T + G3 G4 (t - T) =0 (G. 2) Z57 ar Z 
with the initial conditions: 
CA 
Qz-0,0(rý1 
T=T 
0 
and the boundary conditions: 
8CA_ AT r=Oand z) 0 
6r -ar 
(3 2, k= 0 (G. 3) 
ör 
®r = 1, z). 0 
8T=2w (TT - T) 
(G. 4) 
ýr 
where: Gý =R 
2u 
, 
02 =02 exp -1 
L Df 
AT 
Equations (G. 1) and (G. 2) are coupled with the catalyst pellet model 
given in Appendix A through the variables i and t. 
The solution of equations of the form of (G. 1) and (G. 2) has been 
accomplished by P1aim(35) it-C tto mod of orthogonal collocation. 
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Basically this entails substitution of the radial operators in the 
above equations and the elimination of the boundary conditions. This 
is simply achieved by the following substitutions: 
n+1 
18 fr i1Y BJ, i .Y (ri) 
rar ar rJ i. 1 
n+1 
and dY =J AJ 
'i. 
Y (ri) 
dr1 
i=1 
where Y is the state variable being considered and AJ, i and BJ, i are the 
collocation coefficients for the first and second order differential 
operators. 11 being the number of interior zeros of the orthogonal 
polynomial used. 
Performing the above substitutions on equations (G. 1) and (G. 2) we 
obtain: 
N 
('CA =1: QJ. CAi -G 21 J 
g2 CAJ (G"5) 
dz G1 
J i=1 
N 
T+ 1 V+ G(tJ - T) (G. 6) 
dz 
I ý: w I3 
i. 1 
for J=1,2, ..., N 
with the initial conditions: 
CA (z) = CAJ (0) 
at z=0,0<, r 
T (z) = TJ (0) 
NN 
where: W", = 
[Bj, 
BJ. t1+1 
AN+1, i 
;ýýý, 
i=1 i=1 Nuß + Art+1 N+1 s 
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N 
QJ, i = BJ, i - BJ, N+1 rl+1.1 
i-1 i=1 AN+1,11+1 
and vi = BJ, 11+1 " NuW . Tc 
Nu + AN+1, N+1 
Equations (G. 5) and (G. 6), coupled with the catalyst pellet equation 
can now be solved by any of the standard initial value methods. The 
Runge-Kutta-Merson routine being used in this study because of the pos- 
sibility of severe temperature gradients in the axial direction. The 
'values of the AJ9i and BJ9i matrices are dependant upon the type of 
polynomial used to represent the radial temperature gradient. Values 
obtained from the squared roots of Legendre polynomials, recommended 
by Naim(35), gave excellent results, and the matrices for several values 
of N are given in table G. 1. 
Solution of equations (G. 5) and (G. 6) gives the values of the state 
variables at the roots of the polynomials, the values at the tube wall and 
centre-line have to be calculated separately. Thus, the tubeside tempera- 
ture at the wall, TN+1, is obtained by substituting into the boundary 
condition equation, (G. 4), giving: 
N 
-: 
ý 
TN+1 =( Nuw Tc 
1 
Ai 
, N+1 
Ti ) 
ýluw + 1N+1, N+1 
Similarly, the concentration at the tube wall is obtained by substitution 
into equation (G. 3), giving: 
CAN+1 A11+1, i CAi 
AN+1, N+1 
The centre-line values are best obtained by the method outlined by 
Finlayoon(73) involving a matrix inversion. 
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Hence, the centre-line temperature, TCL, is given by: 
11+1 
TCL = Q(, 
1 
i Ti 
i-1 
and, the centre-line concentration, CA 
CL 
, by: 
11+1 
1 
CALL Qc 
'i 
CAi 
i=1 
where, the QQ matrix, needed to calculate the A and B matrices, 
is defined 
"CL 
N+1 
i CALL CAi 
i=1 
by: 
1 x2 . X121 
CQQJ 
=...... 
12 
2N 
XN+1 XN+1 
The collocation points x1, x2, ..., xN 
that appear here are the roots 
of the polynomial used and xN+, is unity. 
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TABLE G. 1 
Collocation Constants for Cylindrical Symmetry 
Using the Squares of Legendre Zeros 
N+1 i- xi2 Ail Ai2 A13 A14 
3 1 0.2113248 -1.1744576 1.8501968 -0.6757392 
3 2 0.7886751 -1.080966 -1.4409269 2.5218930 
3 3 1.0 1.3706100 -8.7552254 7.3846153 
4 1 0.1227016 -1.4691708 1.8026562 -0.5965425 0.2630571 
4 2 0.5000 -2.220537 1.0196078 2.0104531 -0.8095238 
4 3 0.8872983 1.1175509 -3.0575581 -2.7493166 4.6893238 
4 4 1.0 -1.7580995 4.3921570 -16.729295 14.095238 
5 1 0.06943184 -1.9476331 2.2136892 -0.35694403 0.1752583 
5 2 0.3300094 -3.8216261 2.7872708 1.3354975 -0.57105127 
5 3 0.6699905 2.6435722 -5.7293136 1.3146075 3.059090 
5 4 0.9305681 -1.9885867 3.7532664 -4.6866995 -4.8025616 
5 5 1.0 3.3237324 -6.1591694 6.8508831 -26.819184 
(continued from previous column) 
N+1 i Ai5 Bi1 ßi2 Bi3 Bi4 B15 
3 1 -10.467457 15.873371 -5.4059136 
3 2 6.2804747 -26.455619 20.175144 
3 3 17.245355 -54.168432 36.923076 
4 1 -24.952452 30.117647 -9.1805593 4.0153650 
4 2 5.3048488 -17.882353 19.625123 -7.0466191 
4 3 -8.7466123 30.117647 -84.403290 63.032254 
4 4 -45.954990 109.17647 -190.45957 127.23809 
5 1 -0.08437034 -54.231907 61.049615 -9.1147009 4.4222004 -2.125071 
5 2 0.26990897 4.0022945 -20.626417 20.723789 -7.6398847 3.5402183 
5 3 -1.2879563 -1.1121886 12.996080 -35.221296 36.831517 -13.494115 
5 4 7.7245804 23.422373 -46.438045 76.771487 -210.66803 156.91221. 
5 5 22.803738 144.87523 -265.57488 276.42928 -476.47729 320.74765 
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APPENDIX H 
The Solution of the Co-Currently Cooled Transient Reactor Model 
The coolant heating as it flows through the tube bundle is governed 
by equation (8.5), which can be solved by any of the usual initial 
value methods. The technique used on the tubeside equations (Runge- 
Kutta-Merson) has been found to be suitable because it is both robust and 
simple to program. 
Equation (8.3), representing the time the coolant spends in moving 
from one coolant pass to the next, can be approximated by a backward 
difference formula giving: 
Tc f2° Tc 2+ 
AV 
c 
(Ti - %2) 
R 
(x. 1) 
where Tc2 is the inlet coolant temperature to the next coolant pass at 
the next time step and At is the time interval used. 
1. 
2. 
3" 
4" 
5" 
6. 
The method of solution of the co-current reactor model is as follows: 
Calculate the initial steady state using the model of Appendix E. 
Begin a transient perturbation. 
Guess a value of T(i) at the first or next cell at timet =t% 
Evaluate the tubeside conditions at 't t using the value of Tc(i) 
from step (3) and the dynamic tubeside model of Appendix B. 
Using equation (8.5), calculate a new value of Tc(i) at time '_t. 
Compare the value of Tc(i) from step (4) with that assumed at step 
(3). If the two values arc in agreement to a given accuracy and 
the exit of the coolant pass is not reached, move on to the next 
cell and repeat from (3). If the values do not agree, use the 
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value from step (5) and repeat from step (4). 
7. If the exit of the coolant pass is reached, but not the exit of 
the reactor, then use equation (11.1) to calculate the coolant 
inlet temperature to the next pass at timet' =t and continue from 
step (4) as for the previous coolant pass. 
8. When the exit of the reactor is reached the calculations are 
repeated from step (3) for t ='t + At. 
" Evaluation of equation 
(8.5) by the Runge-Kutta-Merson routine 
requires values of the integral term to be supplied over the time 
interval. This is achieved by assuming a linear variation in this term, 
and for the cäses considered here, time intervals of one second give 
satisfactory performance of the reactor model. 
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APPE'TIX I 
The Solution of the Counter-Currently Cooled Transient Reactor Model 
The solution of the two-coolant pass, counter-current, dynamic 
reactor model is accomplished as follows, with reference to figure 8.21: 
1. Evaluate the initial steady state: 
(i) Assume the inlet coolant temperature to coolant pass 1, T c gues. 
(ii) Using the transient heat balance, equation (8.5), with the 
time derivative set to zero, and the steady state tubeside 
equation of Appendix B, the first approximation to the outlet 
coolant temperature is obtained by marching across the tube 
bundle as done in the co-current steady state model of 
Appendix E. 
(iii) A similar technique, starting with the known coolant inlet 
temperature and marching across the bundle in pass 2, gives 
the outlet coolant temperature from pass 2, Tc 
1 
(iv) If Tc 
goes 
equals T0 
1 
within error bounds, the calculation 
is complete. If not. assure a new value of Tc and 
goes 
repeat from (ii). 
(v) Store the relevant state variables etc. for use in the 
transient period. 
2. Begin the perturbation. 
3. Assume a coolant inlet temperature to coolant pass 1, T0 , at 
gues 
timet =t. 
4. Using equation (8.5) and the transient tubeside model of Appendix B, 
march across the tube bundle in the direction of the coolant and 
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calculate the first approximation to the coolant outlet tempera- 
to in the same way as the co-current solution was obtained for 
each pass in Appendix H. 
5. Starting with the known inlet coolant temperature at't =t-, march 
across the bundle in coolant pass 2, -as in (4) above, using the 
stored outlet tubeside values from coolant pass I in the tubeside 
equations. and calculate the outlet coolant temperature from this 
pass, Tc 
1. 
6. Apply equation (H. 1) to the value of Tc and obtain the value of 
,I the coolant inlet temperature, Tc , entering coolant pass 1' from 1 
coolant pass 2 under the assumed conditions at time's =1% 
1 
ý. Compare the value of Tc with the initial guess Tc If these 
1 goes 
are equal within given bounds, the calculation at time %_' is 
complete. If not, a new value of Tc is assumed and the 
goes 
procedure repeated from step (4). 
f3. Store the relevant state variables needed for the next time step, 
set t=t+ At' and then repeat from step (3). 
The method of repeated substitution gives three or four iterations 
on the assumed coolant temperature under the conditions used in this 
study. Should more severe operating conditions be explored, a more 
sophisticated technique would be necessary to obtain a solution without 
an excessive number of iterations., 
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NOMENCLATURE 
ai Matrix element in the finite difference formulation of 
the differential equations. 
A Surface area of the reactor tubes per unit volume of 
the tube bundle. 
Ai, J Matrix representing the first order radial differential 
operator for cylindrical geometry. 
A1, A2 Parameters defined and used in the continuum model of 
the multitubular bundle. 
A0 Arrhenius pre-exponential factor. 
b Pellet radius. 
B0 Dimensionless exothermicity factor - (- H) DPA Co Rg 
2bhe 
B Thermal load factor = Bo * CA 
191 Matrix representing the radial Laplacian operator for 
cylindrical geometry. 
CA Dimensionless concentration of reactants in the fluid ; 
Cf 
C 
0 
CA Value of CA at the reactor inlet. 
0 
C Dimensionless concentration of reactants within the PA 
catalyst pellet = CP 
A 
C 
0 
I 
Cf Reactant concentration within the fluid. 
,A CP Reactant concentration within the catalyst pellet. 
A 
C0 Reference concentration of reactant A. 
C1,, CP1 Ci, Specific heats of the fluid, catalyst pellet and coolant 
c respectively. 
D Distribution factor, introduced in chapter 2. 
DfA Effective interstitial radial diffusivity in the fluid. 
DP, Effective radial diffusivity within the catalyst pellet. 
A 
e, e Porosity of the fixed bed and catalyst pellet, respectively. 
ec Voidage of the tube bundle in the direction perpendicular 
to coolant flow. 
E Activation energy of the reaction. 
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f Dependent variable in the general form of the differential 
equations. 
F(i) Function defined in chapter 4. 
g tanh (r) 
GG Parameter, proportional to coolant flowrate, used in 
chapters 6 and 7. 
G1 to G6 Parameters used in the tubeside reactor models and 
defined in Appendix B. 
cc 
Parameter used in the single tube flowing cooling model 
and defined in Appendix C. 
G Parameter used in the cell model of the multitubular 
bundle and defined in Appendix E. 
h Effective pellet to fluid surface heat transfer co- 
efficient. 
i Number of the cell in the cell model of the multitubular 
bundle. 
k Fluid to pellet mass transfer coefficient. gqA 
Kc Effective interstitial thermal conductivity of the 
coolant in the direction perpendicular to coolant flow. 
cc 'Capacitance' of the catalyst pellet to absorb mass 
b2 e* 
DPA 
Kf Effective interstitial radial thermal conductivity of 
the fluid. 
P 
Effective thermal conductivity of the catalyst pellet. 
F-T 'Capacitance' of the catalyst pellet to absorb heat 
b2P* CPS 
K 
p 
LB Distance between baffle plates. 
LC Diameter of the tube bundle. 
LT Minimum distance between adjacent tubes. 
L Reactor tube length. 
m Mass flowrate of the coolant across the tube bundle in e each coolant pass. 
mi Element of the tridiagonal matrix in the finite difference 
formation of the differential equations. 
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M Mass flowrate of coolant along the outside of the single 
tube, flowing coolant model. 
ni Element of the tridiagonal matrix in the finite 
difference formulation of the differential equations. 
n Order of the reaction. 
NT Number of tubes across the diameter of the tube bundle. 
Nu Modified Nusselt number for heat transfer between the 
pellet and the fluid =2bh 
K 
p 
Nuw Nusselt number for heat transfer between the fluid and 
the coolant =RU 
Kf e 
Nu. Effective overall Nusselt number for heat tra. n-fer w between the fluid and the coolant based on the radial 
mean fluid temperature. Used in the one dimensional- 
model of the reactor tube. 
Pi Element of the tridiagonal matrix in the finite difference 
formulation of the differential equations. 
PD Pitch circle diameter in rnultitubular reactor. 
Q Heat evolved or removed. 
Q Weighting constant in the finite difference representation 
of the differential equations such that 0<Q41. 
r Dimensionless radial position in the reactor tube = 
y/R 
r0 exp, (-1/2t)* 
R Inside radius of the reactor tube. 
R9R of Non-linear terms used in the general forms of the 
differential equations. 
RC The gas constant. 
R2 Outside radius of the reactor tube. 
s ShA - 1. 
2 
s Distance from the centre of the catalyst pellet. 
ShA Modified Sherwood number =2bk OA 
DPA 
t Dimensionless pellet temperature = Tp 
E 
T Dimensionless fluid temperature =RT fII* 
E 
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T Temperature of the fluid. 
To, To Values of T and TI respectively at the reactor inlet. 
Tc Dimensionless coolant temperature =R To 
E 
I 
T Temperature of the coolant. 
I c, 
P 
Values of T and T respectively at the coolant inlet. 
in in 
TT Values of T and T respectively at the coolant outlet. tout Gout cc 
T Value of T in the cell i in the mixing cell model of c(i) the C multitubular reactor. 
TCL Dimensionless axial fluid temperature. 
Tp Temperature of the catalyst pellet. 
u Interstitial fluid velocity. 
u Interstitial coolant velocity. 
U Fluid to coolant overall heat transfer coefficient. 
x Dimensionless co-cordinate across the tube bundle in the 
direction of coolant flow = x' 
L 
c 
Distance across the tube bundle in the direction of 
coolant flow. 
y Distance from the reactor tube axis. 
y Dimensionless pellet co-ordinate 1-s (Appendix A). 
b 
z Dimensionless axial co-ordinate along the reactor 
tube =zo. Z 
z Axial distance along the reactor tube. 
if 
z Axial distance along the reactor tubes in each coolant 
pass. 
z0 Dimensionless co-ordinate along the reactor tubes in 
each coolant pass measured between the baffle plates _ 
L. B 
z1 , z2 Values of z at the baffle plates in each coolant pass 
in the multitubular reactor. 
z1, z2 Vý1uea-of z at the baffle plates in each coolant pass = 
z1, z2. 
LL 
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Greek_Symbols 
6c Voidage of the tube bundle in the direction of coolant 
flow. 
Heat of reaction. 
Effectiveness factor. 
A 
8 Reaction-diffusion modulus =bo DP 
A 
OR Residense time of coolant in the portion of the reactor 
between coolant passes. 
P, Pp Densities of the fluid, catalyst pellet and coolant PC 
respectively. 
Time (seconds). 
Thiele modulus evaluated at fluid conditions =0 exp - 
2TJ 
F 
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